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based  oa  investigations  of  simple  heteregeneous  models.  "the  existence 
of  large  gradients  and  high  local  SARs,  as  confirmed  by  our  results, 


further  supports  an  accepted  view  that  biological  effects  at  relatively 
low  average  SARs  are  due  to  thermal  interactions.  This  is  particularly 
important  at  frequencies  at  and  near  the  resonance  frequency  for  a 
given  species.  — 


"For  humans,  high  SARs  occur  in  the  neck,  and  the  ratio  of  the  SAR 
In  the  neck  to  the  whole-body  average  increases  with  frequency.  Our 
investigations  suggest  that  below  160  MHZ,  high  ratios  may  occur. 
■Presently,  available  theory  offers  little  guidance  in  this  respbct,  as 
'the  block  model  calculations  have  been  shown  to  be  unreliable  lor 
determining  SARs  in  relatively  small  volumes. 


Findingsr^Near-fleld  Exposures -~ 


^Based  on  the  experimental  findings  we  believe  that  because  of  the 
spatial  pattern  of  energy  deposition,  the  whole-body  average  SAR  is  not 
an  adequate  dosimetric  measure  for  near-field  exposures.  For  assess¬ 
ment  of  potential  hazards  and  derivation  of  exposure  lfmibs  a  quantity 
such  as  the  SAR  averaged  over  102  of  the  total  volume  or'mass  is  sug¬ 
gested  as  a  more  adequate  quantity.  Furthermore,  because  the  peak  to 
average  SARs  are  of  the  order  of  hundreds,  if  only  the  whole-body- 
average  SAR  is  considered  in  establishing  safety  limits,  potential 
problems  may  arise  from  high  SARs  in  crucial  locations,  e.g.  the  eye. 
For  instance,  the  ASSI  standard  exempts  all  portable  transmitters 
having  output  power  of  7W  or  less  below  l  GHz,  but  a  dipole  antenna 
with  a  reflector  deposits  about  15  H/kg  close  to  Che  body  surface  for 
Che  output  power  cf  7W. 


Similarly  as  for  the  far-field,  presently  available  theories  do 
not  provide  reliable  data  on  peak  SARs  or  SARs  averaged  over  limited 
size  volumes. 
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INTRODUCTION 


This  research  project  was  carried  out  from  December  I,  1981  till 
September  31,  198S.  Four  scientific  reports  have  been  submitted 

earlier. 

The  objective  of  the  project  was  to  develop  and  evaluate  a 
computer-controlled  system  for  measurements  of  the  spatial  distribution 
of  the  specific  absorption  rate  (SAR)  in  biological  bodies  and  to  per¬ 
form  measurements  on  a  model  of  the  human  body,  with  particular 
emphasis  on  exposures  in  the  near-field  of  antennas. 

In  this  report  we  provide  only  a  summary  of  findings,  as  detailed 
Information  can  be  found  In  our  publications  enclosed  la  the  Appendix 
and  the  four  earlier  reports  (see  list  of  reports  submitted), 

EXPERIMENTAL  SYSTEM  AND  MATERIALS 

A  computer-controlled  scanning  system  is  capable  of  positioning 
electric  field  probes  within  a  volume  of  2  x  0.5  x  0.5  a  with  an  uncer¬ 
tainty  of  0.05  mm.  The  system  also  provides  for  data  acquisition, 
processing,  display  and  recording  (Stuchly  et  al,  1983).  The  system 
can  acquire,  and  record  the  data  on  the  SAR  In  over  650  locations 
within  a  full-scale  model  of  the  human  body  in  approx.  1.5h.  The 
specific  absorption  rate  Is  calculated  from  the  measured  electric  field 
Intensity.  The  electric  field  Intensity  Is  measured  with  Implantable 
trlaxlal  electric-field  probes.  The  probes  have  been  fully  charac¬ 
terized  and  calibrated  at  various  frequencies.  Their  calibration 
accuracy  Is  ±1  dB,  while  the  repeatability  In  the  SAR  measurements  Is 
better  than  ±0.5  dB  (Stuchly  et  al  1984).  At  the  latter  part  of  the 
project,  performance  of  the  probes  was  Investigated  at  interfaces  of 
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regions  with  different  dielectric  properties.  This  investigation  was 
done  in  non-homogeneous  spheres  consisting  of  an  inner  air  pocket 
surrounded  by  muscle  material.  A  fully  satisfactory  behaviour  of  the 
probes  was  observed,  when  corrections  for  different  calibration  factors 
were  applied.  Differences  between  the  calculated  and  measured  values 
of  the  SAR  at  interfaces  did  not  exceed  ±  1  dB. 

Special  electronic  circuitry  was  built  to  interface  the  electric 
field  probes  with  the  computer.  During  the  course  of  the  project  three 
versions  of  the  circuitry  were  built  (Stuchly  et  al  1986c),  with  the 
latest  one  providing  an  Improvement  in  the  slgnal-to-nolse  ratio  of 
about  7  dB.  The  electronic  systems  built  allowed  us  to  measura  rela¬ 
tively  weak  electric  fields  in  tissue,  and  to  obtain  a  wide  dynamic 
range  of  over  30  dB  (Stuchly  et  al  1986c). 

To  simulate  the  electrical  properties  of  tissues  new  tissue- 
equivalent  materials  have  been  developed.  They  are  characterized  by  a 
long  life  time  of  over  one  year,  in  contrast  to  the  previously 
developed  materials  which  cannot  be  stored  for  longer  than  one  month  as 
their  electrical  and  mechanical  properties  deteriorate  rapidly 
(Hartsgrove  and  Kraszewski,  1984).  The  tissue-equivalent  materials 
simulating  muscle,  average  tissue,  brain,  bone  and  lung  suitable  in  the 
frequency  range  from  100  MHz  to  l  GHz  are  presently  available 
(Hartsgrove  et  al,  1986). 

Computer  programs  which  have  been  developed  provide  not  only 
control  of  the  experiment  and  data  acquisition,  but  data  normalization 
and  averaging,  variety  of  SAR  calculations  (e.g.  various  average  SARs), 
data  extrapolation,  comparisons  with  theory,  where  applicable,  and 
plotting.  Plotting  can  be  done  la  various  formats:  standard  x-y  plots 


3-D  plots,  and  cross-sectional  plots  shoving  lines  of  a  constant 
parameter  (e.g.  SAR  ■  1  W/kg) 

ENERGY  DEPOSITION  IN  THE  PAR-FIELD 

The  far-fleld  measurements  were  performed  at  three  frequencies, 
160,  350  and  915  MHz,  for  two  polarizations  (E  and  H)  and  at  one 
frequency  (350  MHz)  for  three  (E,K  &  k)  polarizations.  Local  values  of 
the  SAR  were  determined  In  approx.  650  points  within  a  half  of  a 
homogeneous  model,  with  the  test-point  grid  denser  In  the  head  and 
torso  than  In  the  limbs.  Average  SARs  for  the  body  parts  and  the 
whole-body  were  calculated  from  the  measured  local  SARs. 

The  spatial  distribution  of  the  SAR  is  highly  non-uniform,  with 
the  SAR  typically  varying  vlthln  three  or  more  orders  of  magnitude. 
Very  large  gradients  occur  along  the  direction  of  wave  propagation,  and 
much  higher  SARs  than  the  whole  body  average  are  produced  In  the  nack 
for  the  E  polarization  at  160  and  350  MHz  (Kraszevskl  et  al  1984a, 
Stuchly  et  al,  1985a,  1986b). 

At  all  frequencies  an  exponential  decay  of  the  SAR  In  the  torso  In 
the  direction  of  wave  propagation  was  observed.  The  attenuation  coef¬ 
ficient  was  equal  to  that  of  a  plane  wave  propagating  In  a  seml- 
lnfinlte  slab  having  the  same  electrical  properties.  This  finding  Is 
Important  as  It  Indicates  that  the  principles  of  geometrical  optics  can 
be  applied  to  easily  calculate  the  SAR  distribution  in  the  torso  at 
frequencies  lower  than  previously  expected.  Therefore,  simple  calcul¬ 
ations  can  account  for  tissue  layering  in  the  torso,  i.e.  the  skin, 
fat,  bone,  muscle,  etc.  at  frequencies  above  160  MHz.  At  frequencies 


above  900  MHz  such  calculations  apply  also  to  the  head  and  legs 
(Stuchly  et  al  1986b). 

The  neck-head  region  has  a  complex  geometry  and  because  of  it  SAR 
distributions  are  highly  non-uniform  and  frequency  dependent.  For 
instance,  at  160  MHz  SAR  »  1000  mW/kg  in  a  tissue  slab  across  the  neck 
4  cm  thick,  compared  to  the  whole-body  average  SAR  *  100  mW/kg  for  1 
mW/cm2  incident  power  density  in  the  E  polarization.  At  350  MHz  SAR  * 
400  mW/kg  in  the  center  of  the  neck,  while  the  whole-body  average  SAR  =■ 
40  mU/kg  for  1  mW/cm2  incident  power  density  in  the  E  polarization. 
Between  160  MHz  and  350  MHz  about  2  to  3  times  greater  rates  of  energy 
deposition  occur  in  the  head  Chan  the  whole-body  averages  (Stuchly  et 
al  1986b). 

A  comparison  of  the  results  of  our  measurements  with  theoretically 
predicted  SAR  distribution  in  a  block  model  of  man  consisting  of  about 
340  cells  (details  in  the  previous  report  -  May  1984)  shows  that  the 
block  model  does  not  provide  adequate  data  on  the  SAR  distribution, 
even  approximately,  at  frequencies  equal  or  greater  than  350  MHz. 
Differences  by  a  factor  of  10  to  20  are  typical.  Such  general  features 
as  for  Instance  an  exponential  decay  in  the  torso  is  not  predicted  by 
Che  block  model.  On  the  other  hand  a  relatively  good  agreement  between 
the  theory  (block  model)  and  our  measurements  was  observed  for  the 
whole-body  average  SARs.  However,  such  agreement  cannot  be  claimed  for 
the  averages  calculated  using  spheroidal  models  for  the  H  polarization. 
The  measured  average  SARs  are  higher,  likely  because  of  a  large  part  of 
energy  being  absorbed  It.  the  legs  and  therefore  spheroidal  model 
approximation  having  apparent  limitations  (Stuchly  et  al  1986b). 
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ENERGY  DEPOSITION  IN  THE  NEAR-FIELD 

Measurements  were  performed  at  160,  350  and  915  MHz  for  typical 
representative  antennas  (simulating  portable  transmitters  and  leakage 
fields),  such  as  resonant  dipoles,  resonant  dipoles  with  reflectors  and 
resonant  slots,  and  at  about  150  MHz  for  a  monopole  antenna  monitored 
on  a  box  simulating  hand-held  transmitter. 

All  antennas  were  designed  to  be  well  matched  In  free  apace  and 
with  the  human  model  in  close  proximity.  The  antennas  were  placed  at 
distances  of  about  one  tenth  of  the  wavelengths,  either  close  to  the 
neck-head  for  exposures  simulating  leaky  transmitter  cabinets  (slot 
antennas ) . 

At  all  frequencies  and  for  all  configurations  Investigated  energy 
deposition  was  concentrated  within  a  limited  volume  of  approximately 
one  tenth  of  the  total  body  volume.  The  spatial  distribution  of  the 
SAR  was  highly  non-uniform,  even  more  than  for  far-field  exposures. 

The  maximum  local  SAR  were  between  30  to  250  times  greater  than  the 
whole-body  average  SARs  depending  on  frequency  and  antenna  confi¬ 
guration  (Stuchly  et  al  1985a,  1986b,  1986b). 

Similarly  as  In  the  far-fleld,  the  SAR  on  the  antenna  axis  decays 
exponentially  In  the  direction  of  propagation  with  an  attenuation  coef¬ 
ficient  very  close  to  that  of  a  plane  wave  In  a  homogeneous  half  space. 
This  conclusion  does  not  apply  to  locations  off  the  antenna  axis  and 
for  antennas  closer  than  about  one  tenth  of  the  wavelength  from  the 
body  surface. 

For  the  E-polarlzation  there  is  a  tendency  for  the  maximum  SAR  to 
shift  toward  the  neck  region,  If  the  antenna  Is  nearby  that  region, 


otherwise  maximum  SARs  are  produced  at  the  antenna  axis  (for  homo¬ 
geneous  models). 

The  SAR  pattern  depends  mainly  on  the  antenna  type,  position  and 
polarization,  the  whole-body  SAR  is  basically  determined  by  the  antenna 
gain  and  its  distance  from  the  body  (Stuchly  et  al  1985b). 

A  comparison  with  the  theoretical  predictions  for  the  block  model 
of  man  consisting  of  180  cells  was  made  for  a  dipole  in  the  E  polari¬ 
zation  at  350  MHz.  The  average  whole-body  SARs  were  found  within  lesa 
than  22.  Large  differences  were  found  in  the  SAR  distribution,  simi¬ 
larly  as  in  the  far-field,  the  exponential  decay  of  the  SAR  was  not 
predicted  by  the  theory.  Relatively  large  differences,  of  an  order  of 
5  to  10,  were  found  between  the  SAR  averaged  over  various  body  volumes. 
This  comparison  again  underscored  the  inherent  limitations  of  the  theo- 
retlal  analysis  (Stuchly  et  al  1986a). 

IMPLICATIONS  OF  THE  FINDINGS 
Far-field  Exposures 

At  frequencies  above  160  MHz,  in  spite  of  large  SAR  gradients, 
local  values  of  the  SAR  are  only  about  20  times  higher  than  the  whole- 
body  average  SAR  for  homogeneous  models  of  human  body.  However,  an 
additional  incrase  by  a  factor  of  4-5  can  be  anticipated  at  interfaces 
of  high  water  content  tissues  with  air  (gas)  pockets  and  low  water 
content  tissues.  The  latter  is  based  on  investigations  of  simple  hete- 
regeneous  models.  The  existence  of  large  gradients  and  high  local 
SARs,  as  confirmed  by  our  results,  further  supports  an  accepted  view 
that  biological  effects  at  relatively  low  average  SARs  are  due  to 


thermal  interactions.  This  is  particularly  Important  at  frequencies  at 
and  near  the  resonance  frequency  for  a  given  species. 


\ 
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For  humans,  high  SARs  occur  In  the  neck,  and  the  ratio  of  the  SAR 
In  the  neck  to  Che  whole-body  average  Increases  with  frequency.  Our 
Investigations  suggest  that  below  160  MHz,  high  ratios  may  occur. 

Presently,  available  theory  offers  little  guidance  In  this  respect,  as 
the  block  model  calculations  have  been  shown  to  be  unreliable  for 
determining  SARs  In  relatively  small  volumes  (Stuchly  et  el  1986b). 

Near-fleld  Exposures 

Based  on  the  experimental  findings  we  believe  that  because  of  the 
spatial  pattern  of  energy  deposition,  the  whole-body  average  SAR  is  not 
an  adequate  dosimetric  measure  for  near-fleld  exposures.  For  assess¬ 
ment  of  potential  hazards  and  derivation  of  exposure  limits  a  quantity 
such  as  the  SAR  averaged  over  101  of  the  total  volume  or  mass  Is  sug¬ 
gested  as  a  more  adequate  quantity.  Furthermore,  because  the  petk  to 
average  SARs  are  of  the  order  of  hundreds,  if  only  the  whole-body- 
average  SAR  is  considered  In  establishing  safety  limits,  potential 
problems  may  arise  from  high  SARs  In  crucial  locations,  e.g.  the  eye. 

For  instance,  the  ANSI  standard  exempts  all  portable  transmitters 
having  output  power  of  7H  or  less  below  1  GHz,  Out  a  dipole  antenna 
with  a  reflector  deposits  about  IS  W/kg  close  to  the  body  surface  for 
the  output  power  of  7W  (Stuchly  et  al  1986b). 

Similarly  for  the  far-fleld,  presently  available  theories  do  not  { 


provide  reliable  data  on  peak  SARs  or  SARs  averaged  over  limited  size 
volumes  (Stuchly  et  al  1986a). 


REMARKS 


1.  The  greatest  difficulty  in  the  project  was  due  to  the  poor 
quality  of  Implantable  electric  field  probes  that  are  available  commer¬ 
cially.  The  probes  are  expensive  and  of  limited  capabilities,  e.g.  low 
sensitivity  at  lower  RF  frequencies  for  a  reasonable  size  (diameter  not 
greater  than  l  cm).  Some  probes,  such  as  Narda  2608  are  extremely 
fragile  and  susceptible  to  mechanical  breakage  and  deterioration  due  to 
high  Ion  concentration  In  the  tissue  material  In  which  the  probes  are 
Immersed  during  the  measurements. 

In  the  later  stages  of  the  project  the  situation  became  particu¬ 
larly  critical,  as  all  available  EIT  probes  broke  due  to  aging  of  the 
high  resistance  lines.  Our  poor  experience  with  available  probes  has 
led  us  to  development  of  a  new  design.  The  new  probe  has  been  manufac¬ 
tured  and  Is  presently  undergoing  complete  characterization.  The  probe 
operates  In  the  frequency  range  20-500  MHz,  and  has  a  diameter  of  1  cm. 

2.  A  unique  experimental  facility  has  been  established,  which  is 
suitable  for  lapping  electric  fields  Inside  and  outside  dielectric 
bodies.  This  facility  Is  likely  to  remain  fully  utilized  for  further 
studies  of  RF  energy  deposition  la  models  of  biological  bodies.  In 
particular,  studies  of  heterogeneous  models  of  man  and  practical 
portable  transmitters  are  under  way.  The  facility  Is  also  suitable  for 
electromagnetic  compatibility  (EMC)  studies.  The  electronic  circuitry 
is  suitable  for  measurements  of  weak  electric  fields  (  1  V/m). 

3.  A  computer  controlled  scanning  system  developed  provides  a 
viable  method  of  measurements  of  the  electric  field  strength  or  the 
specific  absorption  rate  (SAR)  In  models  of  biological  bodies.  The 
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method  can  be  used  in  both  the  far-and  the  near  field  of  RF  radiation 
sources  at  any  frequency  for  which  suitable  probes  are  available.  This 
method  has  several  advantages  when  compared  with  other  experimental 
methods  as  thermography,  although  it  is  not  devoid  of  limitations  as 
analyzed  elsewhere  (Stuchly  et  al  1986b).  Experimental  methods  provide 
viable  alternatives  to  assess  the  spatial  pattern  of  the  rate  of  energy 
deposition  in  biological  bodies  in  those  cases  where  theoretical  calcu¬ 
lations  are  not  available,  Unfortunately  at  the  present  time,  accurate 
methods  of  SAR  computation  are  not  available  for  most  of  the  practical 
exposure  situations  at  radio  frequencies. 
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'  Specific  Absorption  Rate  Distribution  in  a 
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Abunct—k  computef*<oflfro<kd  vannin*  Mstetn  and  an  implanlabfe 
trtalftl  «Wctric-(leW  probt  haie  b««n  used  to  obtain  maps  of  th«  vpvxtlic 
absorption  rate  (S\R)  in  various  ctosv  scotwns  of  a  full-scale  model  of 
man.  The  model  wax  exposed  lo  a  350-MH/  plane  wave  that  pmndvd 
various  orientations  of  the  elexme-field  vector  with  respect  to  the  bod*. 
The  results  obtained  are  in  tenoral  agreement  with  previously  published 
theoretical  and  expenmenial  data.  The  SAR  distributions  in  the  torso  and 
head  were  in  relatively  tood  atreement  with  cylindrical  and  spherical 
models,  respectively,  Enhanced  abv>rption  in  the  neck  and  the  limbs,  as 
previously  found  bv  the  thermographic  method,  was  observed.  This  studv 
pro* ides  much  more  detailed  information  than  previously  available,  with  an 
absolute  accuracy  of  ±  1  db. 


I.  Introduction 

HE  AVERAGE  specific  absorption  rate  (SAR)  has 
been  extensively  used  in  quantifying  interactions  of 
electromagnetic  fields  in  the  radio  and  microwave  frequency 
range  with  biological  systems.  The  importance  of  the  distri¬ 
bution  of  SAR's  within  the  exposed  system  well  recog¬ 
nized  as  an  essential  (actor  in  quantifying  ..alogical  ef¬ 
fects.  In  recent  years,  numerous  theoretical  methods  have 
been  developed  for  dosimetry,  as  reviewed  elsewhere  IXJ-|3). 
Analyses  of  the  so-called  block  model  of  man  appear  to  be 
most  promtsing  in  providing  the  SAR  distribution  (4]-(7). 
Results  of  such  analyses  have  recently  been  also  utilized  in 
calculate  g  the  thermal  response  of  a  man  exposed  lo  radio 
waves  (8). 

In  view  of  the  importance  of  SAR  distribution,  it  is 
essential  that  theoretical  da.a  are  quantitatively  verified 
experimentally  Furthermore,  as  the  capabilities  o(  analyti¬ 
cal  methods  are  limited  in  treating  such  complex  structures 
as  biological  bodies,  expenmenial  methods  may  offer  the 
only  viable  means  for  studying  the  SAR  dislnbution  in 
models  closely  resembling  the  actual  bodies  under  more 
compicx  exposure  conditions  (e.g.,  near-field  exposure). 
There  are  three  viable  techniques  for  measunng  SAR  dis¬ 
tributions.  A  thermographic  method  has  been  developed 
and  successfully  applied  on  scaled-down  models  (91-111]. 
The  main  limitations  of  this  technique  are  a  limited  spatial 
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resolution  due  to  the  small  size  of  the  models  and  a 
difficulty  in  incorporating  the  anatomical  structure  into 
such  a  small  model.  Conversely,  if  a  full-scale  model  of 
man  is  analyzed  by  thermography,  very  high  intensities  of 
the  exposure  field  are  required.  These  limitations  have  led 
to  the  use  of  two  other  dosimetric  techniques  on  full-scale 
models  of  man. 

A  nonperturbing  temperature  probe  has  been  used  to 
measure  ihe  SAR  in  a  limited  number  of  locations  in  a 
full-scale  model  of  man  exposed  at  frequencies  of 
1.29  and  2  GHz  (12).  113).  and  models  of  other  primates. 
An  implantable  electric-field  probe  offers  an  alternative 
tool  for  measuring  the  SAR  distribution  and  has  several 
advantages.  In  addition  to  being  particularly  suitable  for 
measurements  in  full-scale  models,  the  measurements  are 
nor  dependent  on  the  thermal  properties  of  the  model 
material.  Not  only  the  SAR.  but  also  the  direction  of  the 
electric  field  can  be  determined.  Measurements  can  be 
performed  in  very  low  exposure  fields,  which  do  not  cause 
any  increase  in  the  model  temperature.  Furthermore,  the 
data  can  be  conveniently  obtained  for  a  very  large  number 
of  locations  when  an  automatic  probe  positioning  system  is 
used. 

In  this  paper.  SAR  distnbutions  in  a  full-scale  model  of 
man  exposed  lo  a  plane-wave  at  350  MHz  are  presented. 
The  data  were  obtained  using  a  calibrated  implantable 
electric-field  probe  and  a  computer-controlled  scanning 
system.  The  exposure  frequency  of  350  MHz  was  selected 
because  of  the  reported  head  resonance  at  this  frequency 
|7j  and  the  availability  of  SAR  data  for  the  block  model  of 
man  [14], 

II.  Experimental  Arrangement 

A  general  view  of  the  experimental  arrangement  is  shown 
in  Fig.  1.  The  system— except  for  ihe  computer,  the  gener¬ 
ator,  and  monitoring  equipment— was  placed  in  an 
anechoic  chamber.  An  exposure  field  was  produced  by  a 
resonant  slot  above  the  ground  plane,  basing  gain  of  4.87 
at  350  MHz.  The  antenna  was  located  below  the  phantom 
model  as  illustrated  in  Fig.  1  for  the  E  onentation  ti  e..  the 
elcctnc-field  vector  parallel  to  ihe  long  axis  of  ihe  body),  or 
at  the  side  of  ihe  phantom  for  the  K  onentation  (i.e..  ihe 
wave  propagation  from  head  to  toe.  the  propagation  s  ector 
parallel  lo  ihe  lc..g  axis  of  the  body). 

The  scanning  .ysiem  was  composed  of  a  mechanical 
structure  for  supporting  and  positioning  the  probe  and  a 
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Fit  I.  Experimental  arranjvtncnt  (at  ancvhoic  chamber,  (b)  antenna, 
(c)  phantom  model  of  the  human  body.  <dl  tnawal  cIcctnc-Hcld  probe, 
and  <c)  mechanical  xruvturc  for  supporting  and  positioning  the  probe. 


computer  system  for  control  of  the  experiment,  data 
acquisition,  storage,  display,  and  recording.  The  probe 
could  be  placed  at  any  location  within  a  volume  of  l.9x 
0.5  x  0.45  m.  The  scanning  resolution  was  0.013  mm/step 
in  each  direction,  and  the  position  repeatability  (uncer¬ 
tainly)  was  ±0.05  rnm.  The  probe  could  be  moved  at  high 
speed  with  a  velocity  of  approximately  12.5  mm/s.  and  at 
a  low  speed  of  0.42  mm/s.  The  computer  hardware  and 
software  are  described  elsewhere  |15|. 

The  full-scale  plastic  model  shown  in  Fig.  2(a)  had 
dimensions  of  a  standard  man.  This  plastic  model  was  used 
to  make  a  set  of  templates  having  exact  dimensions  of  the 
plastic  model  in  various  cross  sections  (Figure  2(b)).  These 
templates,  in  turn,  were  used  to  prepare  2.5-cm-thick 
styrofoam  layers,  which  were  glued  together  to  obtain  a 
hollow  phantom  of  man  (Fig.  2(c)).  This  phantom  was 
Tilled  with  a  mixture  of  water,  sugar,  and  salt  in  such 
proportions  that  it  had  the  following  electrical  properties: 

38  and  o  -0.95  S/m.  These  properties  correspond  to 
the  tissue  average  properties  at  350  MHl  The  mixture  had 
a  relatively  low  viscosity,  which  facilitated  penetration  of 
the  probe. 

An  implantable  tnaxial  electric-field  probe,  model  EIT 
979,?  was  used  to  measure  the  electric-field  intensity.  This 
probe  was  previously  fully  characterized  in  terms  of  its 
sensitivity  in  tissue  phantom  material,  noise,  and  modula¬ 
tion  characteristics  |16|.  To  improve  the  signal-to-noise 
ratio,  and  therefore  the  dynamic  range  of  measurements, 
the  radiofrequency  signal  was  amplitude  modulated  at 
516  Hz  and  a  high-gain  narrow-band  amplifier  was  used  at 
the  output  of  the  probe  (16).  The  probe  sensitivity  in  the 
tissue  phantom  material  was  2.1  nV/(VVm:),  and  the 
estimated  calibration  uncertainly  was  ±  1  dB.  The  mini- 

‘Manufactured  by  Electronic  Instrumenuuon  and  Techaoloiy  Inc, 
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(a)  lb)  (O 

Fi|  1  Phantom  model  of  man— dcvjn  detail',  ta)  ptaiiw  model  of  an 
average  man.  tb)  ytt  of  template*,  and  to  M\rofojm  mold 


mum  measurable  electric-field  intensity,  with  a  signal-to- 
noise  ratio  of  10  and  1-Hz  bandwidth  amplifier,  was  1.3 
V/m  (SAR  "1.6  mW/kg). 

111.  Results  and  Discussion 

The  SAR  values  at  several  locations  within  the  body  in 
three  cross  sections  separated  by  5  cm  are  shown  in  Fig.  3. 
Each  data  point  is  an  average  of  at  least  five  (5)  separate 
measurements  performed  on  various  days  and  with  various 
incident  power  levels  within  the  linear  range  of  the  system 
operation.  Fig.  4  shows  the  same  data  along  two  selected 
axes,  as  indicated,  in  the  cross  section  close  to  the  body- 
center.  The  bars  indicate  one  standard  deviation.  In  ail 
experiments,  the  SAR  values  were  normalized  to  an  inci¬ 
dent  power  density  of  1  mW/cm:  at  a  plane  corresponding 
to  the  body  surface  or  point  closest  to  the  radiation  source. 
When  these  data  arc  compared  with  experimental  data 
available  in  the  literature  for  scaled-down  models  at 
450  MHz  |11).  it  is  seen  that,  despite  the  difference  in  the 
exposure  frequency,  there  is  good  agreement.  "Hot  spots" 
in  our  measurements  are  found  in  the  neck  region,  with  the 
SAR  values  ranging  from  86  to  196  mW/kg  in  the  plane 
c-10  cm  (corresponding  approximately  to  the  body 
center).  These  data  can  be  compared  with  a  maximum  of 
120  mW/kg  in  the  center  cross  section  for  exposure  at 
450  MHz  (11).  Similarly,  in  the  legs,  the  maximum  SAR 
values  are  110  and  147  mW/kg  m  our  measurements  and 
at  450  MHz  [U|,  respectively.  It  appears  that  the  location 
of  the  maximum  SAR  in  the  legs  is  somewhat  different  at 
the  two  frequencies.  A  hot  spot,  of  somewhat  smaller 
intensity  than  at  450  MHz  111],  was  observed  by  us  in  the 
arms  This  may  be  due  to  a  difference  in  the  arms  articula¬ 
tion  in  the  two  phantom  models. 

A  general  qualitative  agreement  can  be  observed  be¬ 
tween  our  data  and  the  theoretical  calculations  for  the 
block  model  (14|.  However,  there  is  a  significant  difference 
in  the  quantitative  SAR  distribution,  the  locations  of  the 
hot  spots,  and  the  maximum  values  of  the  SAR.  The  most 
likely  explanation  for  the  observed  differences  is  that  the 
shapes  of  the  block  model  and  our  phantom  are  signifi¬ 
cantly  different  and  the  torso  of  the  block  model  consisted 
of  a  relatively  small  number  of  cells.  In  particular,  there  are 
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Fit  3.  Specific  absolution  me  (SAR)  disinbuupn  (W/k|)*100  (or  a 
plane  wan  irradiation  al  a  power  density  o(  1  mW/cm!  on  the  surface 
of  the  model,  rhe  elecmc  field  parallel  lo  the  loop  aau  ol  the  model 
!  a  L,  the  propagation  A,  (rom  back  lo  (roar,  frequency  3 SO  MHz. 


Fit-  4  Specific  absorption  rate  (SAR)  dismbution  along  the  man  model 
height  for  two  croia  sections  I  mW/em*  incident  power  density  on  the 
surface  of  the  model,  frequency  J50  MHz  £«t.  *  back  to  front 
»  -  10  cm  (see  Fit  3.  for  a  designation). 

only  two  to  three  layers  of  cells  in  the  block  model,  and  our 
measurements  indicate  a  rapid  decrease  of  the  SAR  in  the 
torso  in  the  direction  of  the  wave  propagation  (compare 
the  SAR  values  at  the  same  point  for  the  three  cross 
sections  ;  in  Fig.  3). 

A  rapid  decrease  in  SAR  values  within  the  torso  as  a 
function  of  distance  from  the  radiation  source  is  further 
illustrated  in  Fig.  5.  Since  the  SAR  change  is  very  rapid, 
values  averaged  over  large  size  cells  in  the  block  mode!  are 
obviously  significantly  different  from  those  measured  by 
the  implantable  probe,  which  provide  averages  for  a  rela- 


Fig.  3.  Specific  absorption  rate  (SAR)  distnbunon  in  the  upper  torso 
(chest  ana  -48  cm  from  the  head  lop)  alone  the  aus  as  a  function  of 
the  distance  from  the  plane  of  the  wave  incidence:  frequency  3  JO  MHa. 
incident  power  density  1  mW/raF  in  the  plane  tanjen:  to  the  mode) 
It  i,  k  back  tofrooL 


Fig  8.  Specific  absorption  rate  (SAR)  distnbunon  in  the  upper  torso 
(chest  area— 48  cm  from  the  lop  of  the  bead):  frequency  350  MHa. 
incident  power  density  l  mW/ca1  in  the  plane  tangent  to  the  model 
ttL,  k  back  to  from 

lively  small  volume.  The  deposition  of  energy  at  the  body 
surface  within  the  torso  was  also  observed  thermographi- 
caByat450.VKa.iUJ. 

A  relatively  good  quantitative  agreement  between  the 
calculated  values  for  the  block  model  [14]  and  our  data  was 
observed  for  the  arms. 

Fig.  6  shows  the  SAR  distributions  across  the  chest  at 
various  depths.  Symmetry  of  the  distribution  within  the 
uncertainty  of  measurements  is  observed  for  the  center  axis 
of  the  body.  This  is  an  expected  result,  confirming  that 
measurements  of  the  SAR  within  half  of  the  body  are 
sufficient. 

The  SAR  distributions  m  the  head  of  our  model  are 
shown  in  Fig.  7  for  two  onentauons  of  the  incident  field 
with  respect  to  :  body.  Corresponding  calculated  SAR 
distnbuuons  in  a  16-cm-diameler  sphere  fUled  wiib  the 
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to  differences  in  shapes  of  the  models  and  a  limited  num¬ 
ber  of  cells  for  the  block  model,  particularly  in  terms  of 
layers  (2  layers  [7|). 
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Fit  7  Specific  absorption talc ISAR) dismbuuon  in ihe head, Irequencv 
350  MHi,  incident  power  density  I  mW/cmLfa)  cwL.fts)  *  »  L  The 
dulled  lines  show  the  calculated  SAR  in  a  16-cm-diimeier  sphere. 

same  phantom  material  are  also  shown  for  comparison.  It 
can  be  noted  that  the  overall  shape  of  the  curves  is  similar: 
however,  the  quantitative  results  are  not  surprisingly  differ¬ 
ent.  in  view  of  the  actual  shape  of  the  head.  The  SAR 
distribution  in  the  head  appears  to  be  significantly  differ¬ 
ent  than  that  for  the  block  model  of  man  (14|.  However  a 
detailed  analysis,  which  is  outside  of  the  scope  of  this 
paper,  would  be  necessary  to  compare  the  results. 

IV.  Conclusions 

Measurements  of  the  specific  absorption  rate  (SAR) 
distribution  for  a  full-scale  model  of  man  filled  with  a 
phantom  material  having  average  tissue  permittivity  were 
performed  at  350  MHz  for  a  far-field  exposure.  Use  of  a 
computer-controlled  mechanical  scanning  system  and  an 
implantable  isotropic  electric-field  probe  provided  a  good 
spatial  resolution,  an  excellent  reproducibility  of  results  of 
±0.5  dB,  and  a  good  absolute  uncertainty  of  ±1  dB.  The 
measurements  were  fully  automated  and,  after  proper 
calibrations  and  preparation,  a  large  number  of  data  points 
were  conveniently  obtained. 

At  a  frequency  of  350  MHz,  a  generally  nonresonant 
behavior  of  the  human  body  with  maximum  energy  ab¬ 
sorption  at  the  surface  on  whidrthe  radiation  is  incident 
was  cont  rmed  This  conclusion  did  not,  however,  apply  to 
the  he  J,  neck,  and  the  limbs,  where  more  complex  distri¬ 
bute  » of  tk-.  SAR  wesc  observed. 

Oi>r  experimental  data  were  in  good  agreement  with 
reported  expenmental  results  at  450  Mifz  obtained  by  the 
thermographic  technique  (11];  however,  only  a  few  features 
of  the  distribution  could  be  compared. 

General  qualitative  agreement  with  theoretical  data  for 
ihc  block  model  of  man  (14;  appears  to  exist;  however,  our 
data  are  significantly  different,  particularly  in  the 
head-neck  region  (7).  Most  likely,  the  differences  are  due 
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ARS TRACT 

A  conpu tar-baaed  scanning  tyatn  and 

leplantablt  alactric  fiald  pctbaa  vara  used  to 
obtain  nape  af  tha  specific  absorption  rata  (SAR) 
tn  various  cteoa-aactleoo  af.a  fuii-acsW  aodal  of 
tha  human  body.  Tha  aodal  mi  axpeaed  to  a  piano- 
wave  at  3)0  NU  at  I  and  k  polerlaetlona  with 
respect  to  tha  body,  tnhancad  absorption  In  tha  # 
nacb  and  tha  llaba,  aa  previously  found  by  tha 
tharaoirapblc  aatbad,  was  obaarrad.  Significant 
dlffarancaa  between  tha  SAR  diatrlbutton  and  tha 
SAR  value*  calculated  eatng  tha  block  aodal  and 
thoaa  found  In  thla  work  war#  observed. 


Introduction 

Tha  average  specific  absorption  rata  (SAR) 
haa  boon  uaad  In  quantifying  intaractlona  of 
electromagnetic  field#  with  biological  ay# tana  at 
radio  and  olcrevsve  frequencies.  Tha  laportanca 
of  tha  dlatrlbutloa  of  tha  SAR  within  tha  aapaaad 
ayataa  ta  wall  recognised  aa  an  aaaantlal  factor 
In  quantifying  raauitlng  biological  raapooaaa*  In 
racant  yaara  n«erov*  thaoratlcal  nathoda  hava 
been  davalopad  for  doutaotry,  aa  reviewed 
tiaawhara  (l>.  Tha  aaalyala  of  the  ao  called 
block  aodol  of  nan  appaara  to  ba  noat  promising  In 
providing  tho  SAR  distribution  (2-3),  In  vlaw  of 
iaportaaco  of  tho  SAR  dlatrlbutlon  aa  wall  aa  tha 
valuta  of  tho  local  SAR,  tt  la  oaaaatlal  that  tha 
thaoratlcal  data  la  quantitatively  verified 
experimentally.  Thar a  ara  two  viable  techniques 
for  naaaurlng  SAR  d la tribal tone.  A  thermographic 
nvthod  haa  been  developed  and  auccatafully  applied 
to  scaled  down  aodala  (S,7).  Tha  aaln  limitation# 
of  thla  technique-  ara;  a  lialtad  apatioi 
r solution  due  to  tha  alta  of  tha  model*  and  a 
difficulty  in  incorporating  tha  .inatonlctl 
iCructura  into  iuch  aodala. 

An  implantable  alactric  field  probe  offers  an 
alternative  for  naaaurlng  tha  SAR.-  diatrlbution, 
Thla  technique  haa  several  advantage*.  In 
addition  to  being  particularly-  tollable  for 
aeasjreneat*  'in  full-scale ’  aodal*,  tha 

measurements  are-  not  dapandant  on  tha  thernal 
properties  of  the' aodal  nitarial.  Not  only -the 
SAR,  but  alto  the  direction  of  tha  alactric  field 
can  be  determined,  MaaaurcnontS'can  ba  performed 
uting  very  low -expo* ura' field a,  which  Jo  not  cause 
any*  incraaaa  la  the  aodei  temperature. 


Fureharaora,  tho  data  con  bo  conveniently. obtained- 
far  a  vary  Urgo  huftbor  af  locations  whan  an 
auteaatlc  probo-pooitlonlng  oyotog  i*  wood. 

tn  this  paper  wo  prooont  .  tho  raaulta  of  tho 
SAR  -distribution  oaaaurowanta  In  -o  full-ocal* 
aodal  of  non  oapoood  to  •  ;plno#«uovo  ot  330  Ws. 
Tho  dot«  woo  obtained,  uolng  a  calibrated 
tnplantabl*  electric ftotf  probo  ond  *  conputor- 
cont rolled  aconntos  ayaton.  Tho  aaposere 
frequency  of  330  Mis  was,  a*  lotted  because  of  tho 
reported 'hand  raaononcaot  thi#  fraquanay  (3)  ond 
tho  availability  of  tho  SAR  data  for  tho  block 
aodal  of  non  (I), 

Eipor  Inane  at.  Arrangement 

Tha  asportaantol  eyeteia,  encopt  for  tho 
coaputar,  the  generator  and  tho  aoattorlng 
equipment,  was  piecad  tn  on  onochotc  chamber,  An 
espoouro  field  won  produced  by  o  rtoonont  dlpolo 
above  the  ground  pUn*.  Tho  dipole woo  located 
below  tha  aodal  for  tho  I  polorlootlan  (i.o.  .tho 
alactric  field  vector  parallel  ta  tho'  long  onto  of 
the  body),  or  ot  tho  old#  of  tho  .aodol  for  tho  k 
poiorlsotion .  (i,a,  tho  wav*  propagation  from  hood 
to  toe,  tho  -  propagation  vector  porolltl  to  tho 
long  asU  of  tho  body)* 

Tho  scanning  ayataa  competed  of  a  aochanlcal 
atructuro  for  aupportlng  and  paaltlaslng  af '  tha 
probo  and  n  computor-baood  ayatom  forcomtrolof 
tha  tmporimant,  data  acqutaitloa,  storage,  dlaplay 
and  racordlng  ara  daacrihad  tiaawhara  (*)• 

Tha  full-seal*  ttyrofoaa  mold  had  tha 
dtnanalona  of  «  standard  aao,  Thla  aold  was 
filled  with  a  aistura  of  watar,  sugar  and  salt  la 
tuch  proportions  that-  It  had  tha  following 
electrical  properties:  c*  •  3S  aad  o  •  0,33 
S/a,  These  properties  correspond  to  the  tiaaua 
'avaraga"  properties  at  330  MH*  (4,3), 

Implantable  trlaxlal  electric  field  probat, 
aodei  EIT  979  aad  Holaday  ,  i*-0l  >  war#  uaad  to 
measure  the  alactric  field  Intensity,  -Thata 
probaa  ware  prtvloualy  fully  character lied-  In 
tame  of  tha  sensitivity  in  tha  tiaaua  phanto* 
material ,  noiae  and  modulation  charactarlatlca 
(10)'. 

Result*  and  Discussion 

The  specific  absorption  rates  (SARa)  in 
several- Iccatlona  within  the  body  in'  three  cio**-- 
sections 'separated  by  3  ca  are  shown  la  Figure- l 


(4)  and  (b)  for  thi  I  «4  k  polarization#, 
respectively.  Each  d*ea  point  U  an  win|i  of  at 
Ittit  five  Hp«Nt«  meaaurementa.  In  all  .jsxpvri- 
*«nc»  the  SAJU  wera  noraalizad  to  l  mW/cm*  of  an 
incident  power  density  *e  th#  plant  corresponding 
to  tha  body  surface  or  tht  point  closest  to  tht 
radiation  source. 

Our  data  can  bt  compared  with  tht  experi¬ 
mental  raaulta  obtained  by  tht  thermographic 
technique  (7),  For  tht  E  poUrliatrlon  maxim*  of 
tht  SAJt  wtrt  fouod  by  ua  to  tha  neck  and  tha  thigh 
regions,  quit#  aiailar  to  tha  thermographic  data 
at  450  MU  (7).  Evan  quantitatively,  tht  egree- 
sane  to  bloat  in  vie*  of  tht  frequency  difference, 
t.g.,  in  tht  neck  we  found  SAP  ■  *8  *W/kg,  ve  SAJI 
•  120  atf/kg  reported  at  450  Mia. 

Our  experimental  data  wtrt  also  compared  with 
tht  theoretical  valuta  obtained  for  the  block 
model  of  aaa  (4,5,8).  Significant  difference# 
between  calculated  valuta  of  the  SAP  and  our 
reeulta  were  obeerved.  The  cooper l eon  (a 
confunded  by  the  difference#  in  the  shape  of  the 
models  and  location#  of  tha  coapariaon  sites 
(while  our  at t hod  provided  the  SAP  value#  within  a 
relatively  email  voluma  of  about  l  cm  ,  tha  call# 
in  tha  block  modal  era  much  larger,  >  10  cm'). 
However,  the  obeerved  differences  are  of  an  order 
of  magnitude  or  more,  and  are  likely  to  be  due  to 
other  factora.  Particularly  large  difference# 
occur  In  tha  SAP  dlatrlbutlon  both  In  tha  head  and 
the  torao  for  the  k  polarisation.  Our  experi¬ 
mental  data  ahow  a  nearly  exponential  deeay  of  the 
SAP  with  dletence  from  the  surface  (aee  Figure 
1(b).  with  extremely  low  SAP  In  the  lege,  while 
the  theoretics!  calculations  show  appreciable  SAP 
values  in  the  logs  (8). 

A  rapid  decreeae  of  the  SAP  values  within  the 
torao  aa  a  function  of  tha  dlatanca  away  from  the 
radiation  source  for  the  8  polarisation  la 
Illustrated  lo  Figure  2.  The  deposition  of  the 
energy  at  the  body  surface  within  the  torso  was 
also  observed  eharmogrephlcelly  at  450  MHz  (7). 
For  the  k  polarisation  the  SAP  distribution  ie 
qualitatively  very  aizilar  to  that  of  an 
ellpaoidal  cylinder  which  te  not  surprising  in 
view  of  tha  similarities  In  shape. 

The  SAP  distributions  to  tha  head  are  shown 
In  Figure  3.  Corresponding  SAX  distributions  in  a 
14-ca  diameter  sphere  filled  with  the  same  phantom 
material  are  also  shown  for  comparison.  It  can  be 
noted  that  the  shape  of  the  curve#  la  very 
aiailar,  however,  the  quantitative  results  art 
•lightly  different.  The  SAP  distribution  in  tha 
head  appears  to  be  different  than  that  for  the 
block  modal  af  aan  (8)  as  no  significant 
resonances  war-  found  at  350  KHz. 

Conclusions 

Measurement*  of  the  specific  absorption  rate 
(SAP)  distribution  Jo  a  foil-scale  nodal  of  tan 
tilled  with  a  phaut^a  material  having  average 
tissue  permittivity  have  been  performed  at  350  Mrfa 
for  a  far-fleld  exposure  and  two  polarizations. 
The  use  of  a  coaputer-controlled  mechanical 
scanning  system  and  implantable  Isotropic  proh-s 
provided  good  spatial  resolution,  excellent  r«- 
productlblllty  of  results  of  t  O.bdB.  ard  a  good 
absolute  uncertainty  of  t  l  d*.  The  mes»-rexer,ts 


are  fully  automated  and  after  proper  calibration* 
and  preparation,  a  large  number  of  data  polnte  can 
be  conveniently  obtained  without  operator'* 
assistance. 

At  350  MU  a  generally  oon-  re  sonant  behaviour 
of  th*  human  body,  with  maximum  energy  absorption 
at  tho  aurfact  on  which  tho  radiation  1*  Incident, 
was  confirmed.  This  conclusion  dost  not  however 
apply  to  the  head,  neck  and  th*  limb*,  where  morn 
complex  dlatrlbutlon*  of  tho  SAP  war*  observed. 

Our  experimental  data  13  In  a  relatively  good 
agreement  with  the  reported  experimental  results 
at  450  nftx  obtained  by  tha  thermographic 
technique,  (7),  however,  oaly  a  few  feature*  of 
tho  distribution  could  bo  compared* 

Th*  results  of  our  eip*ri»*ate  differ 
significantly  fro*  the  value*  of  tho  local  SAP 
calculated  for  tho  block  model  of  win  (4,5,1). 
Particularly  large  dtffarancaa  occur  in  th*  head 
and  torso  for  tho  k  polarization.  Tho  dlstrl" 
buttons  of  th*  SAP  In  th*  head  ware  found  similar 
to  that  for  a  lossy  sphere  without  any  significant 
rasanaeeas  at  350  MU. 

Our  axpartmaatal  rnaalta  provide  quantitative 
proof  of  ssriou*  lloltatlona  of  tho  thaorotlcal 
analysis  of  slapltflsd  models  of  msn  in  tsrms  of 
tho  distribution  of  aae-gy,  Our  rssults  slso 
elarsrly  indicate  tha  significance  of  obtaining 
th*  SAP  dlatrlbutlon  in  a  reliable  meaner  under 
realistic  condition*. 
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A  computer  controlled  system  and  an  implantable  isotropic  electric  field  probe 
were  used  to  obtain  local  values  of  the  specific  absorption  rate  (3AR)  within  a 
full  scale  homogeneous  model  of  man.  The  model  was  exposed  to  a  plane  wave  at 
359  MHz  and  two  polarizations,  the  electric  field  parallel  to  the  axis  and  the 
propagation  frca-head-to-toe.  For  the  electric  field  parallel  to  the  model  axis 
the  SAR  distribution  is  higWLy  nonuniform  with  relatively  narrow  maxima  in  the 
neck  (Q.I7  W/kg  for  I  oW/csr)  and  Just  above  the  knee.  In  the  torso  the  SAR 
decreases  exponentially  from  the  surface  along  the  direction  of  the  wave 
propagation.  The  distribution  of  the  SAR  in  the  head  does  not  exhibit  any 
significant  maximum  in  the  center  as  predicted  by  calculations  for  "the  block 
model",  but  resembles  the  SAR  distribution  in  a  lossy  sphere  of  the  comparable 
diameter.  For  the  wave  propagation  from  head-to-toe  the  distribution  of  the  SAR 
is  also  highly  nonuniform  with  a  maximum  at  the  top  of  the  head  (close  to  the 
source)  and  with  a  smaller  maximum  in  the  neck  region.  The  highest  local  SAR 
occurs  in  the  shoulder  region. 
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7.1  ENERGY  ABSORPTION  IN  THE  NEAR  FIELD-  * 

EXPERIMENTAL  RESULTS  FOR  A  MODEL  OF 
MAH 

A.  Kraszewskl,  S.  Stuchly,  M.  Stuchly* 

G.  Hartsgrove  and  D.  Adamski 
Department  of  Electrical  Engineering 
University  of  Ottawa,  Ottawa,  Ontario, 

KIN  6N5,  Canada 

•Radiation  Protection  Bureau,  Health  and 
Welfare  Canada 

Distributions  of  the  electric  field  and  the 
equivalent  specific  absorption  rate  (SAR)  in  full  scale 
oodels  of  aan  exposed  In  the  near-field  of  linear  and 
slot  antennas  at  a  frequency  of  350  MHz  have  been 
censured.  A  computer-controlled  scanning  system  and  a 
calibrated  triaxlal  electric  field  probe  were  used.  A 
full-scale  styrofoam  mold  of  the  human  body  was  filled 
with  equivalent  "average"  tissue  material  and  exposed 
In  the  near-fleld  of  an  antenna  located  8  cm  from  the 
back  of  the  model  with  the  feed  point  In  the  sternum 
region.  For  the  E  polarization  and  the  dipole  antenna 
the  oaximu.ii  equivalent  SAR  Is  located  in  the  neck 
region  above  the  feed  point  of  the  antenna.  The 
distribution  of  the  equivilent  SAR  along  the  direction 
of  propagation  at  the  feed  point  level  exhibits  an 
exponential  decay  with  large  values  of  the  SAR  on  the 
surface  (over  lW/kg/W),  It  has  also  been  found  tlnl 
the  maximum  equivalent  SAR  on  tne  axis  of  the  model  for 
the  E  polarization  was  twice  as  large  as  for  the  II 
polarization  (110  mW/kg/W  and  60  mW/kg/W, 
respectively).  For  the  slot  antenna  and  E  polarization 
the  maximum  SAR  occurs  at  the  feed  poiot  of  the 
antenna.  We  have  found  that  the  nonr-field 
d  i  st  ri  but  ions  of  the  SAR  are  highly  not, uoi  form  with 
high  values  on  the  surface  of  the  exposed  model.  It  is 
evident,  that  in  order  to  assess  a  potential  health 
hazard  from  exposure  In  the  near-field  a  detailed 
experimental  mapping  of  the  SAR  distribution  is 
necessary . 
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Since  it  is  difficult  to  calculate  exposure  to  a  man  from  portable  transmitters, 
the  specific  abso'rptlon  rate  (SAR)  was  measured  in  over  S00  locations  within  a 
full  scale  model  of  the  human  body.  The  model  was  exposed  to  a  resonant  dipole 
radiating  at  350  MHz,  located  8  cm  from  the  body  surface  parallel  to  the  axis  of 
the  body  with  the  feed  point  in  the  neck  region.  The  SAR  was  measured  within  a 
tissue  volume  of  less  than  1  cm3.  The  local  values  of  the  SAR  exhibit  an 
exponential  decay  with  a  maximum  at  the  body  surface,  except  in  the  neck  and  head 
regions.  In  the  head  the  maximum  is  at  the  surface,  but  the  changes  inside  the 
head  are  very  slow.  In  the  neck,  after  an  initial  exponential  decay  there  is  a 
small  Increase  in  the  SAR.  The  maximum  close  to  the  neck  surface  is  0.6  W/kg  for 
1  W  input  power  to  the  dipole.  The  SAR  averaged  along  the  direction 
perpendicular  to  the  body  axis  shows  large  variations  along  the  main  axis  of  the 
body.  A  relatively  broad  maximum  (0.18  W/kg  for  1  W)  is  located  in  the  neck- 
shoulder  region.  This  is  in  qualitative  agreement  with  the  calculated  data  for 
200  MHz  (Spiegel,  IEEE  Trans.,  vol.  MTT-30,  1982,  p  177). 
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ELECTROMAGNETIC  DOSIMETRY  IS.  FULL-SCALE  MODELS  OF  THE  HUMAN  BODY  CO 

A.  Kraszewski 

Dept,  of  Electrical  Engineering,  University  of  Ottawa 
Ottawa,  Ontario,  CANADA  KIN  bN3 


Abstract.  In  investigations  of  biological  effects  of  electromagnetic  waves  it 
is  essential  to  identify  spatial  distributions  of  the  electric  fields  induced 
inside  exposed  bodies.  A  computer-controlled  system  has  been  developed  and  an 
evaluation  of  the  implantable  electric-field  probes  has  been  performed  which 
subsequently  were  used  to  obtain  maps  of  the  electric  field  Induced  in  various 
cross-sections  of  a  full-scale  elec t r lc.il ly-equi valent  modelsvof  man.  Some 
results  from  exposures  in  the  near-field  arid  the  far-field  of  resonant  dipoles 
and  slots  at  frequencies  from  lbO  MHz  to  915  MHz  are  presented  in  the  paper. 


Introduct ion 


Interactions  of  electromagnetic  fields  with  biological  tissues  and  bodies 
are  •  car lex  function  of  numerous  parameters.  The  intensity  of  the  internal 
■'  tv  Id  induced  im  loe  biological  bodies  depends  on  the  parameters  of  the  exter¬ 
nal  field,  the  frequency,  the  intensity,  direction  and  polarization,  as  well 
as  on  the  size,  shape  and  the  dielectric  properties  of  the  exposed  body.  As 
the  magnetic  permeabii.ty  of  tissue  is  practically  equal  to  that  of  free 
space,  all  known  and  anticipated  interactions  occur  through  a  mechanism  invol¬ 
ving  the  electric  field.  Therefore,  the  electric  field  vector  or  its  distribu¬ 
tion  throughout  the  exposed  body  provides  a  full  description  of  the  exposure 
field-oody  interactions.  The  main  objective  of  electromagnetic  dosimetry  is 
to  quantify  these  interactions. 

A  dosimetric  measure  that  has  been  widely  adopted  Is  the  specific  absorption 
rate  (SAR)  (1)  Jefin-  as  the  time  derivative  of  tile  Incremental  energy  dW 
absorbed  by  an  inere.. <tal  mass  of  tissue  (dm)  contained  in  a  volume  element 
id ‘.“i  of  a  given  density  ?  .  Thus, 


*»-3c<  =  >  •  (1> 

i’sing  the  Povncing  vector  theorem  for  sinusoidally  varying  electromagnetic 
field.  It  may  be  written  as 


GAR  =  j  |  K  j  J  <2) 

-•her**  &  is  the  tissue  conductivity  in  S/a  anti  jKj  is  tnv  rms  value  of  the 
internal  electrU  field  ir.  V/m.  The  bar  is  expressed  In  V/kg  or  tneir  deriva¬ 
tives.  The  vhole-hodv  average  SAR  is  defined  as  a  ratio  of  the  total  absorbed 
power  in  the  expossed  booy  to  its  mass.  The  local  SAR  refers  to  the  value 
within  a  defined  unit  volume  or  unit  mass,  which  van  be  arbitrarily  small. 

In  bioelectromagnetic  research  do* me  cry  .us  been  developing  in  two  parallel, 
omp  1  istvnt  a  *  .  r«-  urns ,  theoretical  and  »  xpe  r  is*,  n  ca  l .  Hicore :  I  cal  dos  ime  c  ry 

*  .  U  analysis  o:  sinpii f .< o  model*  {2),  waile  experimental  dosimetry 

com  r no  with  the  development  of  sx  caods  «»na  instrumentation  for  measure¬ 
ments  o;  tic*  internal  electric  fields,  SAK»  anc  related  parameters. 

This  paper  deals  with  the  dosimetric  experiments  carried  out  at  the  I'niver- 
».ty  oi  Ottawa  on  full-scale  mouels  of  an  average  man,  at  several  frequencies 


unc  under  various  exposure  conditions. 


Experimental  arrangement 

31ovn  diagram  of  the  system  employee  in  those  experiments  is  snovn  in  rig.l. 
The  *uole  s vs tern  -  except  for  the  computer,  the  generator  and  monitoring 
v.,uiprunc  -  is  placed  in  an  anechoic  chamber.  The  scanning  system  {3j  is 
composed  of  a  mechanical  structure  for  Supiorting  and  positioning  the  probe 


Flg.l.  Block  diagram  of  the-  measuring  system 

•in  any  location  within  a  volume  of  1.9x0.5x0.45  m  with,  accuracy 
of  0.1  cm,  and  a  computer  system  for  control  of  the  experiment, 
data  aquisition,  storage,  display  and  recording. 

A  mold  closely  approximating  an  anatomically  correct  average 
man  of  a  height  of  175  cm  and  a  weight  of  70  kg  is  filled  with 
semiliquid  phantom  material  whose  electrical  properties  approxi¬ 
mate  those  of  the  "average  tissue",  i.e.  2/3  of  the  muscle  tissue. 
The  model  Is  placed  horizontally  with  the  antenna  located  below  It. 
For  E-  and  H-polarisations  the  electric-field  vector  is  parallel 
or  perpendicular  to  the  long  axis  of  liody,,  respectively; 

The  electric  field,  intensity  Is  measured  by  the  Implantable 
t.l— — ir  ‘  i  ■  — . — ,-i- 
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trlaxial  elactric  field  probe  ‘4!  -  model  E1T  979.  The  probe  was  fully  charac¬ 
terized  in  terms  of  its  sensitivity  in  tissue  phantom  material,  noise  and  modu¬ 
lation  charactaristics  {5]  at  every  particular  frequency  and  its  calibration 
was  spot-checked  during  the  course  of  the  experiments.  The  SAR  is  then  calcula¬ 
ted  from  the  measured  electric  field  intensity  according  to  Eq.(2).  The  uncer¬ 
tainty  in  the  SAR  was  estimated  at  -1  dB  and  was  mostly  due  to  the  calibration 
uncertainty  of  the  probe  16] .  Reproducibility  of  the  experiments  conducted  at 
different  power  levels  and  on  various  days  was  well  within  i  O.S  dB  range. 

Experimental  results 

Far- field  exposure.  Distribution  of  the  local  SAR  values  in  the  mid-section 
of  the  body  along  two  axis,  for  E  polarization  at  350  MHs  and  915  KHz  are 
shown  in  Fig. 2,  Maxima  of  the  dissipated  energy  occur  in  the  neck  region  at 
both  frequencies.  Large  SARs  also  are  produced  in  different  locations  in  the 
Kps.  Similar  distributions  were  obtained  for  the  H  polarization,  with  the  SARs 
contribution  from  limbs  varying  versus  frequency.  Such  increased  the  body-part 
jbsorption  is  sometimes  referred  to  as  the  resonant  absorption.  The  body-part 
increased  SAR  depends  on  polarization  and  for  the  homogeneous  model  of  nan  on 
limb  dimension  -  wavelengch  ratio.  For  Instance,  at  150  MHz  and  the  E  polariza¬ 
tion  (6!  the  SAR  in  the  head-neck  region  it  2.5  times  the  whole-body  average 
SAR. 

Sear- fie  Id  exposure.  Distributions  of  the  SAR  in  cross-section  of  the  hoaoge- 
nuous  torso  exposed  to  a  near-field  of  resonant  slots  with  reflectors,  located 
in  the  distance  of  approx.  0.1  from  the  bodv  surface,  for  E  polarization  at 
150  MHz  and  915  MHz  are  shown  in  Fig. 3a.  The  similar  distributions  for  resonant 


Fig.  i.  Distributions  o:  the  local  SARs  in  the  torso  cross-sections  for: 
a'  slots  vir-'  reflectors  at  A  -  350  MHz;  B-  915  MKz,  b)  resonant 
Jipoles  i:  A  -  InO  MKz;  B  -  9(>  MHa .  Radiated  power  l  if. 
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Fig. A.  The  specific  absorption  rates  averaged  over  tissue  layers  per-  ' 
pendieular  to  the  body  axis  for  resonant  dipoles  with  reflectors 

dipoles  with  reflectors  at  160  Mils  and  916  MHz  are  shown  in  rig. 3b.  It  is  evident 
that  the  maximum  SAR  occurs  on  the  axis  of  the  antenna  and  that  the  SAR  decays 
exponentially  inside  the  body  along  the  direction  of  propagation.  More  complex 
SAR  distributions  have  been  found  in  Che  head-neck  region.  At  higher  frequencies 
even  though  the  average  value  of  the  SAR  decreases  (see  Fig. A),  the  maximum 
values  on  the  surface  remain  high.  The  energy  absorption  occurs  over  a  smaller 
and  smaller  region  of  the  body  with  increasing  frequency. 

Conclusions 

Measurements  of  the  specific  absorption  rate  (SAR)  spatial  distribution  in 
■a  full-scale  models  of  nan  filled  with  a  homogeneous  phantom  material  having 
average  tissue  pernictlvltv  wore  performed  at  several  frequencies  from  160  MHz 
to  915  MHz.  Various  polarizations  for  far-field  and  near-field  exposure  were 
■  evaluated.  A  computer-controlled  scanning  system  and  an  implantable  Isotropic 
electric-field  probe  provided  a  good  spatial  resolution,  an  excellent  reprodu¬ 
cibility  (io.5  dB)  and  uncertainty  of  measurement  hector  than  S  1  dB.  The 
measurements  are  fully  automated  and  after  a  proper  probe  calibration,  a  large 
number  of  data  points  can  be  conveniently  obtained  for  any  radiating  source 
-human  body  configuration. 

The  results  on  the  spatial  distribution  of  the  SAR  inside  the  human  body 
under  various  exposure  conditions  are  important  in  establishing  protection 
standards  against  harmful  exposures  to  RF  energy  as  well  as  for  producing 
more  effective  heating  in  cancer  hyperthermia  ant  for  design  of  better  RF  and 
microwave  diathermy  devices. 
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ABSTRACT.  A  computer-controlled  scanning  system  and  triaxial  electric  field 
probes,  were  usee  to  measure  spatial  distribution  of  the  electric  field  in  a 
full-scale  homogeneous  model  of  the  human  body.  Experimental  results  obtained 
at  frequencies  160  MHz,  350  KHz  and  915  MHz  in  the  near-field  of  resonant 
dipoles  and  slots  with  reflectors  are  presented. 

INTRODUCTION 

In  recent  years  advanced  numerical  techniques  and  modern  computers  have 
made  the  solution  of  many  complex  electromagnetic  problems  possible.  However, 
theoretical  analysis  still  remains  very  difficult  and  long  computational 
time  is  required  to  solve  some  of  the  problems.  For  instance,  in  evaluating 
the  potential  hazards  of  the  exposure  of  man  to  electromagnetic  fields  and 
in  designing  electrcmagnetically  induced  hyperthermia  (for  cancer  therapy) 
it  is  essential  to  identify  the  spatial  distribution  of  the  electric  field 
in  the  whole  in  the  part  of  the  human  body.  Due  to  the  complexities  in  the 
shape  and  varying  electrical  properties  of  the  body  computations  can  not  be 
accurately  performed  in  many  cases.  Experimental  methods  in  such  cases  can 
provide  a  viable  alternative.  [1,2]  . 

This  contribution  describes  an  experimental  system  for  the  mapping  of 
the  spatial  distributions  of  the  electric  fields  inside  models  of  the  human 
body.  The  system  operates  at  radio  and  microwave  frequencies.  Experimental 
results  for  near-field  exposures  of  a  model  of  man  in  the  near-field  of 
resonant  dipoles  and  slots  with  reflectors  at  frequencies  160  MHz,  350  .KHz 
and  915  MHz  are  discussed. 

EXPERIMENTAL  METHOD 

To  measure  the  electric  field  intensity  inside  the  models  miniature  im¬ 
plantable  triaxial  probes  were  used  [3]  .  A  probe  contains  of  three  very 
short  electric  dipoles  loaded  with 
miniature  Scbottky-barrier  diodes  con¬ 
nected  to  the  external  circuitry  by  *' 

high  resistance  leads.  The  dipoles  are 
arranged  in  Y-  or  I-beam  configuration 
which  allows  for  measurements  of  the 
electric  field  components.  Thus,  not  „i"f50 
only  the  magnitude  but  potentially 
also  the  direction  of  the  electric 
field  can  be  determined.  Measurements  ; 
are  performrd  at  very  lew  level  expo-  j 
sure" which  do  not  cause  measurable  j 

increase  of  the  model  temperature . 

The  probes  were  calibrated  prior  to  5 10 
the  experiments  by  measuring  the 
electric  field  distributions  in  lossy 
dielectric  spheres  of  various  diame¬ 
ters.  The  probe  output  voltages  for  0 

many  locations  in  sphere  were  compa¬ 
red  with  the  calculated  values  obta¬ 
ined  from  the  Mie  solution  [  4  ]  , 
using  the  least-square  technique.  The  results  of  calibration  of  the  electric 
* 

Dent.  Electrical  Engineering,  University  of  Ottawa,  Ottawa,  Ont. ,  Canada. 


Fia.l. 


field  probe  (EIT  model  979,  OD.  9  mra)  in  a  16-cm  diam.  sphere  filled  with  a 
lossy  material  at  475  MHz  (AM  510  Hz)  are  shewn  in  Fig.l.  It  may  be  seen 
that*  the  probe  output  voltage  (dots)  follows  the  theoretical  distribution 
(line)  rather  well"  and  that  even  large  gradients  of  the  electric  field  can 
be  finely  reproduced  by  the  probe.  The  uncertainty  in  the  measurements  of 
the  electric  field  was  estimated  to  be  ±  0.5  dB.  This  is  mostly  due  to  the 
calibration  uncertainty  of  the  probe. 

A  calibrated  probe  my  be  positioned  in  any  selected  location  in  a  model 
under  computer  control  in  a  specially  developed  scanning  system.  A  block 
diagram  of  the  measuring  system  is  shewn  in  rig. 2.  The  system  -  except  for 


th;  carputer,  generator  and  the  monitoring  equipment  -  is  placed  in  an 
anechoic  chamber.  An  optical  fiber  link  connects  the  electric-field-probe 
airplifier  with  the  ranaining  electronic  circuitry  located  outside  the  cham¬ 
ber.  The  scanning  system  is  catposed  of  a  mechanical  structure  for  suppor¬ 
ting  and  positioning  the  probe  in  any  location  within  a  volume  of  1.9  m  by 
0.5  m  by  0.45  m  and  a  carputer  system  for  control  of  the  experiment,  data 
aquisition,  storage,  display  and  recording  [5]  .  To  increase  the  dynamic 
range  of  the  measurements  of  the  electric  field  intensity  RF  signals  are 
amplitude  nodulated  at  about  500  Hz,  which  provides  optimum  signal  to  noise 
ratio  [4]  .  The  output  sig.'v.l  from  the  probe  is  amplified,  A/D  converted 
and  fed  to  the  carput' 

A  plastic  mold  closly  approximating  an  anatomically  correct  average  nan 
of  a  height  of  175  on  and  a  weight  of  70  kg  was  filled  with  semiliquid 
tissue-equivalent  material  whose  dielectric  properties  approximate  those  of 
the  "average  tissue",  i.e.  2/3  of  the  skeletal  muscle  properties.  The  model 
was  placed  horizontally  on  low-density  styrofoam  blocks.  The  antenna  was 
located  below  the  model  for  the  E-  and  H-polarizations  (i.e.  the  electric 
) field  vector  being  parallel  or  perpendicular  to  the  long  axis  of  the  body), 
or  at  the  side  of  the  model  for  the  k-polarization  (i.e.  the  propagation 
vector  parallel  to  the  long  axis  of  the  body) . 

Resonant  dipoles  with  reflectors  operating  at  160  MHz,  350  MHz  and 
915  MHz  were  employed  as  rad iafing  antennas.  Two  resonant  slots  with  reflec¬ 
tors  placed  close  from  the  model  torso  (approx.  0.1X)  were  also  investiga¬ 
ted.  The  dipoles  simulated  a  potential  situation  of  exposure  to  portable 
transmitters,  while  the  slots  that  of  leaky  transmitter  cabinets. 

The  primary  advantages  of  the  mathod  presented  here  are  thatrreasurenents 
in  a  large  number  of  locations  can  be  performed  in  a  relatively  short  time, 
that  the  sensitivity  of  the  measuring  system  can  be  soot-checked  during  the 
course  of  the  experiments  and  that  the  local  E-field  intensity  can  be 


measured  at  almost  every  point  inside  the  .model.  This  is  possible  because 
the  scanning  system  allcws  probe  movement  with  increments  as  small  as  1  ran 
in  all  three  directions. 

EXPERPBnM.  RESULTS 

Results  of  the  experiments  are  presented  in  a  form  of  the  specific  ab¬ 
sorption  rata  (SAR)  expressed  in-mWAg,  i.e.  energy  absorbed  by  an  unit  of 
volume  of  the  tissue  material.  Note  that 

SAR  =|  jEj2 

where  ff  is  the  conductivity  of  the  tissue  material  in  S/m,  §  is  the  mate¬ 
rial  density  in  kg/m'5  (usually  equals  1000  kg/m'5)  and  |E|  is  the  measured 
rms  value  of  the  electric  field  intensity  in  V/m.  The  conductivity  of  the 
material  used  in  the  experiments  at  160  MHz,  350  MHz  and  915  MHz,  reported 
here,  was  equal  to  0.8  S/m,  0.95  S/m  and  1.17  S/m,  respectively. 

Distribution  of  the  SAR  (in  rrtt/kg  normalized  to  the  radiated  power  of 
1  W)  along  the  antenna  axis  in  the  torso  of  the  homogeneous  model  of  full- 
scale  man  exposed  to  a  near-field  of  resonant  dipole  with  reflector  is 
shewn  in  Fig. 3.  The  radiators  were 
placed  in  such  a  way  that  the  electric 
field  vector  was  parallel  to  the  main 
(vertical)  body  axis.  In  all  cases  in¬ 
vestigated,  for  both  types  of  radiators 
and  at  all  frequencies,  the  SAR  along 
the  antenna  axis  decreases  exponentia¬ 
lly  (notice  the  logarytknic  scale)  with 
distance  from  the  body  surface.  Further 
more,  the  attenuation  coefficients  are 
very  close  to  those  estimated  theore¬ 
tically  for  the  normal  incidence  of  the 
plane-wave.  That  shows  that  the  longer 
the  wavelength,  the  greater  the  pene¬ 
tration  depth  in  the  tissue.  The  SAR 
close  to  the  surface  is  much  greater 
at  350  MHz  and  915  MHz  them  at  160  MHz. 

For  the  slots  the  SAR  close  to  the  sur¬ 
face  is  less  than  that  for  the  dipoles. 

Figures  4  and  5  illustrate  the 
spatial  distribution  of  the  SAR  in  the 
cross-section  of  the  torso  on  the  rad¬ 
iator  axes  for  dipoles  and  slots, 
respectively.  The  lines  shew  the 
equi-SAR  profiles  in  nJ4/kg  per  1  W  of 
the  radiated  output  power.  A  diffe¬ 
rence  in  shape  of  the  lines  between  the  dipoles  and  the  slots  can  ne  seen. 
The  data  presented  can  be  be  utilized  in  designing  an  array  to  obtain  a  de¬ 
sired  heating  contour. 

Spatial  distributions  of  the  SAR  averaged  over  tissue  layers  perpendi¬ 
cular  to  the  body  main  axis  for  the  dipoles  and  the  slots  are  shown  in 
Fig. 6  and  7,  respectively.  The  maximum  SARs,  except  at  160  MHz,  occur  in 
the  tissue  layers  on  the  radiators  axes.  At  160  MHz,  as  the  dipole  axis  is 
close  to  the  neck,  the  maximum  shifts  toward  the  neck,  as  also  observed  for 
far-field  exposures  [6]  .  It  is  evident,  that  for  a  homogeneous  full-scale 
model  of  man  exposed  to  r.ear-field  of  resonant  dipoles  and  slots  with  ref¬ 
lectors,  the  maximum  of  the  electric  field  induced  inside  the  tody  occurs 
most  likely  on  the  axis  of  the  antenna  and  that  it  decays  exponentially 
inside  the  tody  along  the  direction  of  propagation.  At  higher  frequencies 
even  though  the  average  value  of  the  SAR  decreases  sligthly  (see  Fig. 6)  [7] 
the  maximum  values  on  the  surface  remain  high.  With  increasing  frequency 
the  energy  absorption  occurs  in  a  smaller  and  smaller  region  of  the  model. 


Fig. 3.  SAR  in  the  torso  on  the 
axes  of  resonant  dipoles  vs.  dis¬ 
tance  from  the  tody  surface. 
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Fig. 7.  Specific  absorption  rate,  EAR,  averaged  over  tissue  layers 
perpendicular  to  the  body  main  axis  for  resonant  slots  with  reflectors 
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Spatial  distribution  of  the  electric  field  intensity  induced  inside  a 
full-scale  model  of  man  filled  with  a  homogeneous  tissue-equivalent  material 
having  average  tissue  permittivity  were  measured  at  frequencies  of  160  J5iz, 
350  .'-Hz  and  915  MH2.  Various  polarizations  for  near-field  exposure  were 
evaluated.  A  coruter-controlled  scanning  system  and  an  implantable  isotropic 
electric-field  probe  provided  good  spatial  resolution,  excellent  reproduci¬ 
bility  of  the  results  (i  0.5  dB)  and  acceptable  uncertainty  of  the  electric 
field  measurement  inside  the  model.  The  measurements  are  fully  au  terra  ted 
and  after  the  proper  probe  calibration  a  large  number  of  data  can  be  con¬ 
veniently  collected  at  frequencies  above  150  KHz  (quality  of  the  ar.echoic 
chamber  available  at  the  time  is  the  limiting  factor)  for  any  radiating 
source  -  human  body  (model)  configuration. 

The  results  on  spatial  distribution  of  the  electric (field  intensity 
induced  inside  the  human  body  aider  various  exposure  conditions  are  impor¬ 
tant  in  establishing  protection  standards  of  exposure  to  RF  energy. 
Furthermore,  for  the  near-field  exposures  knowledge  of  the  SAR  distribution 
is  essential  in  designing  effective  heating  systems  in  hyperthermia  for 
cancer  therapy.  This  knowledge  may  also  be  utilized  in  designing  new  RF  and 
microwave  diathermy  devices. 
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ENEKCY  DEPOSITION  IN  A  MODEL  OF  MAN:  FREQUENCY  EFFECTS  IN  THE  NEAR  FIELD. 

A.  Kraszewski,  S.S.  Scuchly,  M.A.  Stuchly  '  and  G.  Hartsgrove,  Dept,  of  Electrical 
Engineering,  University  of  Ottawa,  Ottawa,  Ont.  KIN  5N6;  1)  Radiation  Protection 
Bureau,  Health  and  Welfare  Canada. 

Spatial  distributions  of  the  specific  absorption  rate  (SAR)  were  obtained  in  a  full- 
scale  model  of  man  exposed. in  the  ncar-field.  The  experiments  were  performed  at  160, 
350  and  915  MHz  for  resonant  dipoles  and  slots  with  the  electric  field  parallel  and 
perpendicular  to  the  main  body  axis.  The  antennas  were  matched  and  located  about  O.H 
from  the  body  surface  in  the  shoulder  area  (dipoles)  or  in  the  abdomen  area  (slots). 

At  all  the  frequencies  investigated  the  SAR  in  the  model  on  the  antenna  axis  decreased 
exponentially  with  distance  with  the  attenuation  coefficient  equal,  within  experimen¬ 
tal  error,  to  that  of  a  plane  wave  propagating  in  a  semi-infinite  tissue  laver.  Large 
spatial  gradients  of  the  SAR  were  observed  at  all  frequencies,  the  gradients  were  more 
pronounced  for  dipoles  chan  for  slots.  Ac  160  and  315  MHz,  but  not  at  915  MHz,  Che 
maximum  SAR  was  located  in  the  neck  region  for  the  E  polarization.  For  the  dipoles 
the  shift  was  approximately  20  cm  off  the  antenna  axis.  For  resonant  dipoles  and 
dipoles  with  reflectors,  the  greatest  whclc-bodv  average  SAR  per  1  W  of  antenna  input 
power  was  at  350  MHz.  The  mean  SAR  averaged  over  a  tissue  layer  8  cm  thick  and 
perpendicular  to  the  main  body  axis  was  from  about  11  to  18  times  greater  chan  the 
whole-body  ax-erage  SAR.  The  SAR  on  the  body  surface  was  from  about  120  to  290  times 
greater  than  the  whole-body  average.  The  mean  for  body-layers  and  surface  SARs  depend 
on  frequency,  polarization,  antenna  type  and  its  distance  from  the  body. 
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This  paper  describes  an  experimental  system  developed  for  the  purpose  of  studying  the 
distribution  of  electric  Held  in  lossy  bodies.  Ultimately,  amapof  theintemal  electric  field  intensity 
inaphantom  model  of  the  human  body  exposed  in  the  near  field  of  radioand  microwave  radiators 
is  obtained.  The  field  is  sampled  by  a  nonperturbing  probe  in  a  number  of  points  under  computer 
control  using  a  system  consisting  of  a  microcomputer  and  a  minicomputer.  A  description  is  given 
of  the  hardware  and  software  components  of  the  scanning  system  and  the  results  of  experimental 
evaluation  of  the  performance  of  the  system.  For  illustration  the  electric  field  distributions  in 
simple  configurations  obtained  experimentally  are  presented  and  compared  with  analytical 
results. 

FACS  numbers:  41.IO.Dq,  87.60.Mv,  41.10.Fs 


INTRODUCTION 

Experimental  electromagnetic  dosimetry  is  related  to  the 
studies  of  the  phystco-engineenng  aspects  of  the  interaction 
between  radio  and  microwave  radiations  and  biological  sys¬ 
tems.1  Specifically,  it  concerns  the  determination  of  the  dis¬ 
tribution  of  the  internal  electric  field  intensity  in  a  phantom 
model  of  the  human  body  exposed  in  the  near  field  of  radio 
and  microwave  radiators.1  This  objective  is  achieved  using  a 
computer-based  scanning  system  capable  of  acquiring,  stor¬ 
ing,  displaying,  and  recording  the  electric  field  intensity  and 
its  direction.  Nonperturbing  miniature  implantable  iriaxia! 
probes  are  used  for  measuring  the  electrical  field.*  The  field 
distribution  in  human  phantoms  obtained  through  these 
studies,  will  be  used  in  designing  specific,  pertinent  to  the 
near-field  exposures,  experiments  with  laboratory  animals 
and  in  extrapolating  the  results  to  humans. 

A  general  view  of  the  experimental  system  for  electro¬ 
magnetic  dosimetry  is  shown  in  Fig.  1.  The  system  consists 


FiC.  1.  General  view  of  the  syitem  for  experimental  dosimetry,  (a)  an  echoic 
chamber,  (b)  radio-frequency  antenna,  (c)  phantom  model  of  the  human 
body,  (d)  truxial  electric  field  probe,  (e)  mechanical  structure  for  supportmi 
and  positioning  the  probe. 


of  the  following  subsystems:  (a)  an  anechoic  chamber;  (b)  an 
electromagnetic  radiator  fed  from  an  appropriate  power 
generator.  A  330-MHz  reflector-backed  A  /2  dipole  is  shown 
for  illustration;  (c)  a  realistic  full-scale  phantom  model  of  the 
human  body;  (d)  a  triaxia!  electric  field  probe;  and  (e)  the 
scanning  system  composed  of:  a  mechanical  structure  for 
supporting  and  positioning  of  the  probe  and  a  computer  sys¬ 
tem  for  control  of  the  experiment,  data  acquisition,  storage, 
display,  and' recording  (not  shown  in  the  photograph), 

Only  the  scanning  system  is  described  in  this  paper.  The 
results  of  the  electric  field  probes  and  the  results  of  the  elec¬ 
tric  field  patterns  in  simple  geometrical  bodies  are  presented 
elsewhere.4-* 

I.  DESCRIPTION  OF  THE  SYSTEM 

A.  Mechanical  structure 

The  mechanical  structure  used  for  supporting  and  posi¬ 
tioning  of  the  electric  field  probe  consists  of  three  custom- 
made  (Yelmex,  Inc.)  independent  guiding  slides  forming  an 
xyz -coordinate  system,  see  Fig.  1(e).  The  longest,  fixed  x 
slide  is  suspended  from  the  concrete  ceiling  on  four  steel  rods 
and  moves  they  slide.  They  slide,  in  tum.  drives  the  z  slide 
which  supports  and  positions  the  probe  carriage.  All  slides 
use  a  lead-screw  arrangement. 

The  probe  can  be  placed  at  any  location  within  a  cube  of 
1.9X0.5X0.45  m.  The  dimension  of  the  cube  can  be  altered 
by  repositioning  limit  switches,  at  the  ends  of  each  slide. 

Most  of  the  metal  parts  of  the  system  are  covered  by  an 
absorbing  material  (ferrite)  to  minimize  reflections. 

B.  Drives 

The  slides  of  the  system  are  driven  by  three  independent 
stepping  motors  (SLO-SYN  model  M092-FC09)  each  con¬ 
trolled  by  a  separate  translator  module  (STM103  SLO- 
SYN).  The  module  provides  sequencing  and  switching  logic 
needed  for  the  bidirectional  control  of  the  stepping  motor. 
The  speed,  direction,  and  number  of  steps  are  directly  con- 
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trolled  by  TTL  puke  signals  from  the  microprocessor-based 
control  unit. 

C.  Modes  of  operation 

The  system  can  operate  in  a  manual  or  a  computer- 
supervised  mode.  In  the  manual  mode  the  probe  motion  is 
controlled  by  switches  on  a  portable,  hand-operated  unit. 
The  motors  can  operate  at  fast  and  slow  speed  which  is 
switch  selectable.  Selected  coordinates  of  the  probe  can  be 
stored  in  a  file  m  the  minicomputer  memory,  thus  producing 
a  map  of  measurement  points. 

In  the  computer  supervised  mode  the  probe  scans  auto¬ 
matically  through  all  points  of  the  previously  selected  map 
and  the  corresponding  values  of  the  electnc  field  intensity 
for  each  position  are  recorded.  After  completing  the  data- 
acquisition  phase  the  computer  can  display  the  results  in 
graphical  form  on  a  CRT  screen  or  they  can  be  primed  in 
tabular  form  on  a  line  printer. 

II.  COMPUTER  HARDWARE 

Computing  functions  required  for  control  of  the  scan¬ 
ning  unit,  data  acquisition,  display,  and  rccordingof  the  data 
have  been  divided  between  two  devices,  namely,  a  micropro¬ 
cessor-based  control  unit  and  a  PDPU/34  minicomputer. 
Some  details  of  the  computer  hardware  are  shown  in  Fig.  2. 

The  control  unit  is  based  on  the  8085  microprocessor.  A 
parallel  interface  links  it  with  the  portable  hand-operated 
unit,  the  motor  translators,  and  the  limit  switches.  A  serial 
link  is  provided  for  communication  with  the  PDP/1 1  such 
that  the  control  unit  is  seen  by  the  PDP/1 1  as  any  other 
standard  asynchronous  terminal.  In  the  manual  mode,  the 
control  unit  surveys  all  the  control  and  limit  switches  and 
sends  pulses  to  the  translators  as  directed  by  the  operator. 
Pulses  sent  to  the  translators  are  counted  separately. 

Actual  states  of  the  x,  y,  and  r  counters  serve  as  probe 
coordinates  and  can  be  transmitted  to  the  PDP/1 1  whenever 
the  motors  are  not  running.  Then,  if  echoed  back  in  an  iden¬ 
tical  form,  the  control  unit  turns  on  the  “data  stored”  light 
indicator  on  the  hand-operated  unit.  This  indicator  is  turned 
off  again  each  time  the  probe  moves  to  a  new  location.  These 
coordinates  are  stored  as  a  PDP/1 1  data  file. 

In  the  computer-supervised  mode,  the  control  unit 
causes  the  probe  to  move  to  a  selected  position,  the  coordi¬ 


nates  of  which  are  stored  in  the  PDP/1 1  data  file.  After  the 
probe  reaches  the  desired  position  its  new  coordinates  are 
transmitted  back  to  the  PDP 1 1 .  This  procedure  serves  a  dual 
purpose,  namely  that  of  the  continuous  testing  of  the  serial 
interface  line  and  acknowledging  that  the  control  unit  has 
finished  its  task.  When  the  probe  reaches  its  new  position, 
the  output  signals  from  the  electric  field  measurement  sys¬ 
tem  are  convened  into  a  digital  form  by  an  A/D  convener 
(ADI  1-K)  and  stored  in  the  computer  memory  as  a  data  file. 
This  information  can  be  retrieved  for  tabular  or  graphical 
display  using  a  DEC  GIG!  graphic  terminal  and  a  CRT 
monitor  or  a  DECWR1TER IV  graphics  pnnter. 

To  protect  the  electric  field  probe  against  accidental 
mechanical  damage,  the  highest  priority  nonmaskable  inter¬ 
rupt  line  of  the  8085  microprocessor  is  activated  by  a  switch 
mounted  on  the  probe  holder.  "Go  to  manual  mode"  (Resell 
and  “Go  to  computer-supervised  mode"  are  the  two  other 
interrupts  used  in  the  control  unit. 

III.  SOFTWARE 

The  program  for  the  control  unit  is  written  in  the  8085 
assembly  language,  while  that  for  the  PDP1 1  in  Fortran. 

The  basic  objectives  of  the  control  unit  softw  are  are:  |i) 
To  provide  reliable  asynchronous  serial  communication 
between  the  8085  microprocessor  and  the  PDP/1 1  mini¬ 
computer.  Serial  input  and  output  lines  of  the  S085  micro¬ 
processor  are  used  as  an  asynchronous  receiver  and  trans¬ 
mitter,  respectively,  with  a  baud  rate  of  1200.  (iil  To  move 
the  carriage  along  the  .x  andy  axes  simultaneously ,  provided 
that  it  remains  in  the  retracted  z  position  (homei.  For  the 
carriage  in  any  other position  (the  probe  possibly  immersed 
in  the  phantom)  horizontal  motion  is  not  possible,  (iii)  To 
stop  the  movements  in  any  direction  if  the  corresponding 
limit  switch  has  been  activated.  (iv|  To  present  multiple  stor¬ 
age  of  a  particular  position  of  the  carriage.  The  control  unit 
can  respond  to  the  STORE  button  only  once  between 
changes  in  the  carriage’s  position,  (v)  To  protect  the  probe 
from  mechanical  damage. 

The  supervising  computer  (PDP1 1)  software  performs 
)he  following  functions:  experiment  control,  interactive 
communication  with  the  operator,  data  acquisition,  data 
storage,  data  processing,  and  data  display. 

Du  ring  the  execution  of  the  program,  the  operator  may 
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Flo.  3,  Intern*]  electric  field  intensity  m  s  slab  of  *  muscle-equivalent  mate- 
nal  vs  distance  ofoaf  the  direction  of  propagation  of  the  wave  at  2430  MHz. 
Different  lines  represent  signals  from  the  orthogonal  dipole*  (Ref.  4J.  The 
differences  between  the  H  and  d  dipole  configurations  are  clearly  visible 
(Ref,  4). 


enter  certain  parameters  which  are  recorded  before  the  data 
are  actually  collected. 

Parameters  such  as  irradiating  power,  frequency,  type 
of  radiator,  or  type  of  the  probe  can  be  stored  at  the  begin¬ 
ning  of  the  data  file. 

Since  both,  creating  the  map  and.  even  more  so,  acquir¬ 
ing  data  are  highly  time  consuming,  particular  emphasis  was 
placed  on  the  development  of  the  software  which  would  help 
the  operator  to  avoid  errors.  For  example,  the  computer  dis¬ 
plays  information  on  thecurrent  state  of  the  experiment,  and 
informs  the  operator  of  possible  optional  actions  which  can 
be  undertaken.  In  case  of  an  error,  the  experiment  can  be 
repeated  starting  from  any  point  without  the  necessity  of 
restarting. 


Fig.  4.  Internal  electnc  field  intensity  in  a  sphere  filled  with  water  at  2430 
MHz  v*  distance  across  the  diameter  tn  the  direction  parallel  to  the  direc¬ 
tion  of  propagation  of  the  wave.  The  vertical  markers  on  the  horizontal  axis 
indicate  the  center  and  the  walls  of  the  sphere,  respectively. 


Fio.  3.  Internal  electric  field  intensity  in  a  sphere  filled  with  an  “aieraje 
tissue"— equivalent  material  at  330  M Ha  vs  distance  across  the  diameter  in 
the  direction  parallel  and  normal  to  the  direction  of  propagation  of  the 
wave.  The  vertical  marker*  on  the  horizontal  axis  indicate  the  center  and 
the  wall*  of  the  sphere,  respectively. 

After  the  data  have  been  acquired  and  stored  the 
PDP1 1  is  used  to  display  the  information  in  a  graphical  for¬ 
mat 

For  illustration  the  internal  electric  field  distributions 
in  simple  geometrical  configurations  of  lossy  materials  ob¬ 
tained  experimentally  are  presented  in  Figs.  3-5  and  com¬ 
pared  with  analytical  results.  Figure  3  depicts  the  square  of 
the  internal  electric  field  intensity  in  a  slab  of  a  muscle-equi¬ 
valent  material  versus  distance  along  the  direction  of  propa¬ 
gation  of  the  wave  at  2450  MHz.  The  well-known  exponen¬ 
tial  character  is  clearly  visible.  Figure  4  presents  the  square 
of  the  internal  electnc  field  intensity  in  a  sphere  filled  with 
water  at  a  frequency  of  2450  MHz  vs  distance  across  the 
diameter  in  the  direction  parallel  to  the  direction  of  propaga¬ 
tion  of  the  wave.  Very  good  spatial  resolution  of  the  probe  is 
demonstrated  in  the  main  lobe  of  thecharacteristic.  Finally,  - 
in  Fig.  5  the  internal  electric  field  intensity  in  a  sphere  filled 
with  an  "average  tissue”— equivalent  material  at  350  MHz 
ia  shown  versus  distance  across  the  diameter  in  the  direction 
parallel  and  normal  to  the  direction  of  propagation  of  the 
wave.  A  relatively  good  agreement  between  the  theoretical 
and  experimental  distributions  is  evident. 

At  the  present  time  only  the  magnitude  of  the  electric 
field  is  displayed  and  recorded.  A  program  for  display  of 
both  the  magnitude  and  the  direction  of  the  measured  elec¬ 
tric  field  is  being  developed. 

IV.  SYSTEM  PERFORMANCE 

Salient  characteristics  of  the  system,  such  as  the  scan¬ 
ning  volume,  resolution,  repeatability  of  finding  a  selected 
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Table  I.  Result*  of  the  experimental  evaluation  of  the  scanning  system. 


Axis 


Maximum  linear  displacement 
Scanning  resolution 
Position  repeatability 
(uncertainty) 

Low 
speed 

High 

speed 


Simple  motion 
Composite  motion 
Simp's  motion 
Composite  motion 


cm 

190 

30 

45 

sun/step 

0.013 

0.013 

0013 

mm , 

±0.05 

±0.05 

±005 

am/s 

0.42 

0.42 

042 

0.41 

0.427 

042 

mm/s 

113 

115 

116 

11.7 

110 

123 

position,  and  the  scanning  speed  were  verified  experimental¬ 
ly. 

A  Scanning  volume 

With  the  limit  switches  at  the  far  ends  of  the  slides  the 
measured  scanning  volume  was  190x50x45  cm. 

B.  Resolution 

A  dial  gauge  with  a  resolution  of 0.025  mm/div.  (0.001 
in./div.)  was  used  to  measure  the  displacement  of  the  probe. 
In  this  experiment  100  steps  of  each  motor  were  used.  The 
summary  of  the  results  for  the  three  axes  is  given  in  Table  1. 

C.  Repeatability 

For  the  z  axis  the  same  dial  gauge  was  used.  For  10 
consecutive  excursions  from  the  home  position  to  a  specified 
position  along  thee  axis  the  uncertainty  in  the  probe  position 
(repeatability)  was  found  to  be  less  than  0.05-mm  s.d. 

In  the  x-y  plane  a  different  technique  was  used.  A  sim¬ 
ple  map  of  a  few  points  separated  by  several  centimeters 
from  each  other  was  stored  in  the  computer.  The  probe  was 
replaced  with  a  needle  and  a  flat  sheet  of  graph  paper  was 
placed  under  the  scanning  system.  The  map  was  scanned 
nine  times  under  computer  control,  each  time  starting  from 
the  initial  position  in  the  comer  of  the  scanning  held.  Each 
time  the  needle  was  lowered  to  punch  a  hole  in  the  graph 
paper.  The  sheet  was  then  shifted  by  a  few  centimeters  and 
the  scan  was  repeated.  Using  a  microscope,  the  dimensions 
of  the  holes  which  were  punched  nine  times  were  compared 


with  those  punched  only  once.  The  uncertainty  of  position¬ 
ing  along  both  x  and  y  axes  were  found  to  be  less  than  0.05 
mm. 

D.  Spted 

Finally,  both  the  tow-  and  high-speed  motions  were  ex¬ 
amined  for  a  simple  motion  (only  one  coordinate  changing  at 
a  time)  and  for  a  composite  motion  (both  x  andy  coordinates 
changing  simultaneously).  The  measurement  results  are  giv¬ 
en  in  Table  I. 
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itract 

In  lnvaatlgaelona  of  biological  affacta  of  eltc- 
oaagnetic  waves  it  ta  asaantlal  to  know  spatial  dis- 
•ibutions  of  the  alactrlc  flald  inside  exposed  bodies. 

eoeputer-controlled  systea  has  been  davalopad  for 
.Is  purposa,  and  a  conprehensive  evaluation  of  the 
.plantabla  alactrlc  field  probaa  has  been  perforaed. 
1  electric  field  Intensity  inside  a  aodel  of  the 
,isal  or  human  body  can  be  obtained  at  any  frequency 
thin  the  range  of  100  MU  to  10  Ola,  with  an  uncer- 
inty  of  *1  d8. 

INTRODUCTION 

Doaiaetry  of  electrooagnecic  fields  la  concerned 
th  the  deterainatlon  of  the  rate  of  energy  deposition 
biological  bodies  and  their  electrical  aodels.  The 
ce  of  energy  deposition  is  defined  as  the  specific 
sorption  rate  (SAR) «  The  SAX  is  related  to  the  in- 
Alley  of  the  electric  field  In  situ  and  the  electric 
opertles  of  the  tissue.  Knowledge  of  the  SAR  Is 
tntial  in  quantifying  biological  effects  of  tho 
jctroaegnetlc  fields  and  developing  exposure  for 
jctrosagnetlcelly  Induced  hyperthcraia  in  treacaent 
cancer. 

In  our  investigations  doslaetrlc  data  are  obtained 
ing  non-perturbing  laplantable  trlaxial  electric 
■Id  probes  (1.2)  and  a  coaputer-controlled  aechanical 
inning  systeo  capable  of  acquiring,  storing,  display- 
•  and  recording  the  electric  field  intensities  at 
'ious  locations  inside  full-scale  phancoa  aodels  of 
.cal  and  husan  bodies.  The  field  distributions  ob- 
ntd  using  this  systeo  are  used  In  designing  specl- 
•,  pertinent  to  the  near  and  !ar-field  exposures  with 
.oratory  anlaals  and  in  extrapolating  the  results  to 
-ins. 

Considerable  amount  of  the  fsr-field  experimental 
iiaetrlc  data  has  been  obtained  with  phanton  models 
anisals  and  scaled-down  models  of  huaans  using  the 
raographlc  technique  (3).  This  technique,  although 
cuing  a  direct  display  of  the  local  SAR  values,  re- 
,res  very  high  power  levels  and  suffers  froa  Halted 
.ital  resolution  particularly  for  scaled-down  models. 
0,  the  direction  of  the  Internal  electric  field 
.at  be  retrieved  froa  the  experlaentai  data. 

The  llaltatlons  of  the  theraogrsphlc  technique 
c  led  us  to  the  development  of  a  new  systea,  which 
vides  accurate  veecor  nips  of  the  electric  field  in 
1-scale  phantoo  aodels  of  anlaat  and  huaan  bodies 
,  The  process  of  data  acquisition  is  fully  autoaa- 
•  •  and  is  perforaed  under  coaputer  control. 


;CR1FTICN  OF  THE  SYSTEM 


Central 

A  block  dlagraa  of  the  systea  and  a  general  view 
the  part  located  in  the  anecholc  chamber  are  shown 


in  Figures  1  and  2,  respectively.  The  whole  syit-s 
consists  of  the  following  radlofrcquency/alcrowave 

elesents: 

-  a  radio  frequency  (RF)  and  alcrowave  (MW)  ane- 
choie  chaaber 

-  an  antenna  fed  froa  an  appropriate  (RF/MV) 
power  source 

-  «  full-scale  phantoa  eodel  of  the  ani»al  or 
huaan  body 

-  «  trlaxial  electric-field  probe  and  associated 
electronic  circuitry, 


and  the  ecanning  systea  cooposed  of: 

-  a  aechanical  structure  for  supporting  and  posi¬ 
tioning  of  the  probe  together  with  the  associ¬ 
ated  electronic  circuitry,  and 

-  a  coaputer-based  systea  for  control  of  the 
experiment,  data  acquisition,  storage,  display 
end  recording. 

The  details  of  ere  initial  design  and  operation  of 
the  scanning  systeo  were  presented  elsewhere  J4]  and 
therefore  only  R J/^V  elements  and  the  recent  modifica¬ 
tions  of  the  experimental  systea  will  be  discussed 
here. 


lUdlofrecueney/mlerovave  elements 


The  anecholc  chaaber  with  the  effective  dlaenslons 
of  6  x  4  x  2.5  a  Is  forced  by  the  Advanced  Abiorber 
*b*orblng  pyraatds  30  cm  and  -*5  cm  long.  The  reflec¬ 
tion*  fro*  the  wall*  of  ,the  chaaber  have  been  evaluated 
at  jeveral  frequencies  and  were  found  to  be  below  -20 
d&  for  frequencies  treater  than  300  MHs  and  below  -30 
da  for  frequencies  above  2  C.U. 

Various  antennas  such  as  resonant  dipoles  and 
reflector-backed  resonant  dipole*  and  resonant  slots 
with  reflectors  were  designed  and  tested  at  frequencies 
of  330,  930  and  2450  MHz.  These  antennas  are  well 
oatchcd  and  provide  well-defined  near  and  far-fltld 
radiation  pattern  for  dosimetric  experiments.  The 
Intensity  of  the  electric  field  In  the  absence  of  the 
phantom  model  was  calculated  and  also  verified  experi¬ 
mentally  uslrg  cooaercUUy  available  electric  field 
probes. 
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Tly.  2  Scanning  system  inside  the  anecholc  cnaaber 
a)  anecholc  chanber;  b)  antenna;  c)  sodel  of 
the  human  body;  d)  electric  field  probe;  e) 
mechanical  structure  of  the  scanning  system. 


The  antenna  is  fed  fro*  an  R f/.'fd  power  asplifter 
(.“.CC  Al  A2K)  wnose  output  power  i$  coaltoced  by  a  digi¬ 
tal  power  meter  (Hf  4)&a)  through  a  directional  coupler 
<H?  2730).  The  power  aaplifier  is  driven  from  a  syn¬ 
thesized  signal  generator  (Hf  €6S6\>  through  a  coopu- 
tcr-cont rolled  digital  attenuator  (TEXCA.V  ?ASl). 

laplantable  trlaxlal  electric-field  probes,  a 
Narda  Model  2M3,  an  EIT  Model  979  and  a  Holiday  Model 
!tM-01  were  used  to  measure  the  electric  field  Intensi¬ 
ty.  The  calibration  procedures  and  characteristics  of 
these  probes  are  described  elsewhere  (5J.  The  output 
voltages  of  the  probes  were  fed  to  three  Independent 
battery-operated  amplifiers,  summed  up  ar.d  cransaltted 
via  an  optical-fiber  line  to  a  second  asplifter  located 
outside  the  anecholc  chamber.  The  output  of  this  aapt- 
fier  was  connected  to  en  A/3  converter  of  a  PO?  U/3- 
cooputer  controlling  the  experiment.  This  arrangement 
significantly  reduced  the  level  of  .rwanted  *nte?fer- 
rlng  signals. 

The  probe  output  signals  proportional  to  the  SAR 
values  at  various  locations  In  the  sodel.  are  scared  in 
the  digital  format  la  lve  cjtputer  memory  together  with 
the  corresponding  coordinates  of  the  probe  positions. 
At  the  present  time  the  SAR  values  arc  usually  plotted 
as  a  function  of  probe  coordinates  and  are  easy  to  read 
and  interpret. 


I7AES 

Various  molds  of  staple  geometries  (6)  and  that  of 
the  full-scale  model  of  the  husan  body  {7}  were  node  of 
an  Rf-cransparent  polystyrene  foam.  The  oolds  were 
glued  using  an  epoxy  resin  and  sealed  using  various 
caulking  mixtures.  Recently,  a  new  sold  of  the  human 
body  has  been  Introduced.  !c  Is  cade  (roa  a  cherao- 
plastlc  aaterlal  aolded  around  a  oodel  of  a  standard 
■an. 

A  seal-solid  phantoa  aaterlal  (alxtur*  of  water, 
sugar  and  salt)  which  simulates  the  electrical  proper¬ 
ties  of  the  "average"  tissue  v«s  used  at  330  3H*  (6J. 
At  frequencies  of  913  and  2450  J2U  saline  solutions  can 
be  used  as  phantos  materials.  The  peralttlvlcles  of 
different  phantoa  aatcrials  were  aonltored  using  an 
autooatic  oeasurescnc  systea  with  an  uncertainty  better 
than  32.  Recently,  loproved  tissue  equivalent  aacc- 
rlals  have  been  developed  (8).  They  are  characterized 
by  variable  viscosity  and  significantly  lncrtastd  shelf 
life. 


rrooaMAves  evaluation 


The  perforsance  of  the  whole  systsa  was  evaluated 
by  aeasurlng  the  distributions  of  cht  tlsccrlc  field  in 
lossy  spherss  and  tnf Inlet  loss/  cylinders  at  330,  920 
and  2430  MHz.  The  results  vert  coopered  with  theory 
end  used  for  calibration  of  the  laplantable  probes 

til¬ 


ths  sua  of  th/ee  voltages  (V.)  detected  by  the 
diode-loaded  dipoles  In  the  poles  ‘is  rslated  to  ths 
square  of  tho  total  Uectrlc  field  Intensity  jt.jZ  by 
the  following  .expression; 


where  1  Is  the  scnslctvlty  of  the  probe  In  the  tissue 
phsntoa  material. 

The  sensitivity  of  each  probe  was  determined  for 
each  aodel  froa  the  following  expression; 

where  (V^)^  is  the  total  voltage  at  ths  probe  detector 
diodes  (a  sum  of  the  three  voltsgcs  of  the  these  di¬ 
poles),  measured  at  sn  experimental  point  1, 

Che  theoretical  value  of  the  Internal  electric  field 
intensity  In  the  saae  point,  and  i5  is  the  number  of 
points.  The  final  value  of  the  sensitivity  was  arrived 
at  by  an  iterative  process,  la  which  only  an  unperturb¬ 
ed  part  of  cht  distribution  was  Included,  l,e.,  tnat 
part  for  which  the  relative  difference  between  the 
theoretical  and  experimental  values  was  less  tnan  102. 

There  are  several  sources  of  errors  In  the  systea 
that  aay  affect  the  accuracy  of  experiaental  results, 
dome  of  the  errors  can  be  Halted  to  negligibly  small 
through  proper  arrangements  and  care.  These  Include 
reflections  froa  the  walls  and  tha  scanning  systea.  In 
this  work  they  have  been  eliminated  by  placing  the 
whole  system  In  an  anecnolc  cnaaber  and  covering  the 
frame  of  the  scanning  systea  with  absorbing  tiles.  Twe 
incident  electric  fie.i  has  to  fce  wel.-detlned  in  terms 
of  Its  amplitude  and  altection.  Tie  field  Intensity  In 
our  tests  was  ceeermlned  from  the  antenna  gain  calibra¬ 
tion  and  aeasureaencs  of  the  input  power  to  the  aneen- 
a».  The  uncertainty  In  cne  intensity  was  estimated  at 
tv. 5  d3.  The  direction  (alignment j  of  tnc  antenra  wttn 
respect  to  the  probe  was  arranged  wtthls  :!*.  The 
intensity  of  the  field  was  always  *djusted  so  that  tnt 
probes  operated  in  the  linear  region. 
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The  mala  accuracy  limitation*  In  this  experiment 
ur«  due  to  Che  probe*  themselves,  sanely  to  the  cross- 
coupling  of  the  dipoles,  lack  of  a  perfectly  Isotropic 
-•esponse  (due  to  small  differences  between  the  three 
ilpole-dlode  assemblies),  remnant  pick-up  bv  their  high 
resistance  leads  and  the  field  perturbation  by  the 
leads. 
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!|.  3  Comparison  of  the  calculated  and  measured  SAJt 
distribution  along  the  z-axis  of  an  average- 
tissue-phantom  sphere:  solid  line  Indicates  the 
calculated  values,  x  x  measured  values  with  the 
EIT  probe,  5  3  measured  value*  with  the  Holaday 
probe;  «'  •  9  •  1.04  S/o,  f  •  3 JO  Mix, 

Incident  Power  Density  •  1  m’J/cm*,  Diameter 
16  cm,  Otameter/Xp  •  0.19,  Sensitivity  9  • 

3. 1*0.3  for  the  EIT  probe  and 

!2t2uV/(V*/a2)  for  the  Holiday  probe:  the  ver¬ 
tical  bars  show  the  estimated  uncertainty  of 
aeasurements;  the  double  arrow  indicates  the 
direction  of  Incidence  of  the  wave  and  the 
single  arrow  shows  the  point  where  the  probe  Is 
Introduced  into  the  phantom. 


K 


As  an  illustrstion  a  comparison  of  the  theoretical 
■  experimental  results  for  a  19-cm  diameter  spnere  at 
0  Ms  Is  Shown  In  rig.  3.  The  probe  is  Introduced 
;a  the  positive  j  direction,  while  the  wave  ts  Incl- 
nt  from  the  negative  z  direction.  A  very  good  agree- 
ot  Is  evident  tor  a  small-diameter  probe  (EIT),  9 
*•  For  a  large  diameter  probe  (holiday,  19  =a)  sig- 
-  leant  deviations  occur  at  one  end  of  the  distance 
ir.ned.  The  dlffererces  between  the  theory  and  exper- 
•nt  close  to  the  point  of  the  probe  entrance  la  most 
vely  causej  by  formation  of  a  nee*  through  which  the 
intoa  material  Is  flowing  cutslde  the  mold. 

The  experiments  were  also  performed  using  a  full- 
ale  p-antoa  mocel  of  the  human  body  at  3J3  fCiz,  The 
iults  and  discussion  are  presented  In  a  companion 
*er  ()]. 


CONCLUSIONS 


The  experiments  with  simple  geometrical  bodies  as 
well  as  with  the  full-scale  phantom  model  of  the  human 
body  Indicate,  that  the  Implantable  electric  field 
probes  combined  with  a  computer-based  scanning  system 
constitute  a  powerful  research  tool  In  experimental 
dosimetry*  Spatial  resolution  of  a  fraction  of  a  mil¬ 
limeter  and  the  uncertainty  of  the  electric  field  In¬ 
tensity  of  *1  dl  obtained  are  fully  satisfactory  for 
the  majority  of  electromagnetic  dosimetry  applica¬ 
tions. 
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Abstract 

A  computer  controlled  scanning  systea  and 
implantable  triaxial  electric  field  probes  were  used 
to  obtain  caps  of  the  specific  absorption  rate  (SAP) 
in  various  cross-sections  of  a  full-scale 
eiectrically-equlvalent  model  of  nan.  The  data  was 
obtained  for  exposures  in  the  fir-field,  and  the 
near-field  of  a  resonant  slot  at  350  The  results 
were  found  in  a  general  agreement  with  previously 
published  theoretical  estimations  of  the  average  5AR 
and  experimental  results  for  scaled  down  codels. 
However,  significant  quantitative  differences  were 
observed  between  the  theory  and  experiment  in  the 
spatial  distribution  of  the  EAR, 

Introduction 

Knowledge  of  the  spatial  distribution  of  the 
specific  absorption  rate  (SAP)  is  essential  to 
quantify  biological  effects  of  radio  frequency 
radiation  (AF)  and  to  extrapolate  the  results  of 
experlsents  with  animals  for  evaluation  of  a  potential 
hazard  to  humana.  The  SAA  is  defined  aa  the  rate  at 
which  RF  energy  is  imparted  into  a  unit  mass  of  the 
exposed  body. 

Considerable  amount  or  data  on  the  specific 
absorption  rate  have  previously  been  obtained  by 
theoretical  ar.alysea  M-3]»  and  experiments  with 
scaled  down  models  {*].  However,  only  relatively 
simple  models  have  been  treated  theoretically,  and 
while  the  uhole-oody  average  SAX  can  :e  calculated  for 
various  exposure  conditions  in  the  far-field  of 
radiation  sources,  the  spatial  distribution  of  the  3AR 
has  only  been  calculated  for  relatively  larse  volumes. 
The  calculations  have  been  performed  for  the  so  called 
bloc<  model  of  man  [5].  In  this  model  the  human  body 
is  divided  into  cubical  cells  of  various  volumes. 
Eeeauae  of  the  syrretry  of  the  human  body,  only  half 
of  it  is  ana  lysed  i  sc  half  of  the  read  ia  divided  into 
about  170  cells  1 6  ]  erd  the  remaining  parts  of  the 
body  are  also  divided  into  170  cells  [5].  The 
limitations  ef  such  analysis  are  apparent  in  view  of 
complexity  of  the  human  anatcay. 

The  SAX  distribution  has  also  been  determined 
experimentally  by  the  thermographic  technique  (&,73» 
Zn  this  technique  a  scaled  down  model  of  the  bedy  is 
exposed  for  a  few  seccr.cs  to  high  power  5F  rad  ia  tier,, 
whose  freq-oncy  is  scaled  proportionally  to  the  model 
size.  Immediately  after  the  exposure  thermographic 
scans  of  selected  model  surfaces  are  tawen.  From  the 
measured  temperature  profiles,  ve  SAX  distribution  is 
calculat'd.  The  main  limitaticr.s  of  this  technique 
are  cue  to  difficulties  in  incorporating  anatomical 
and  electrical  differences  of  various  tissues  and 
organs  of  the  body,  and  a  need  fer  high  power  of  the 
radiation  source.  The  last  limitation  is  particularly 
serious  when  near- fie id  exposures  are  ccnsidered. 

The  aforementioned  reasons  have  led  us  into 
development  of  a  measurement  method  and  a  systea  [3 1, 
which  art  capable  cf  providing  accurate  maps  of  the 
SAX  in  full-scale  models  of  the  human  cod/.  The 
mocels  can  be  made  to  resemble  the  human  body  closely 
both  anatomically  and  electrically,  ard  a  good  spatial 
resolution  can  be  obtained. 


In  this  paper  vt  present  the  results  of  our 
measurements  for  an  electric* lly-hcmogeneous  model  of 
man  exposed  to  a  plane-wave  at  350  PHz  in  various 
polarizations,  and  axposad  in  the  ntar  field  of  a 
resonant  slob.  The  frequency  of  350  tfiz  was  selected 
because  of  previously  reported  increased  absorption 
and  hlgnly  non-uniform  SAX  distribution  in  tha  head 
[6].  The  resonant  slot  is  a  good  representation  of 
practical  txpoaure  situations  resulting  from  leaky 
transmitter  cabinets  or  other  hardware. 

Experimental  Systea  and  Methods 

A  description  of  the  experimental  systea  is  given 
in  a  companion  paper  [3  J. 

Tar-field  exposure  was  created  by  placing  a 
resonant  slot  at  a  sufficiently  large  distance  from 
the  surface  of  the  model.  A  correction  for  the 
spheroidal  wave-front  was  incorporated  into  the  data 
processing  program.  Three  polarizations  of  the 
incident  field  were  Investigated,  namely,  the  electric 
field  vector  parallel  to  the  long  body  axis,  called 
the  S  polarization  (E‘|L),  the  magnetic  vector 
parallel  to  the  long  body  axis,  called  the  H 
polarization  (H  !<M,  and  'the  propagation  vector 
parallel  to  tha  long  body  axis,  propagation  frem 
head-to-toe,  called  the  k  polarisation  (kj,l). 

Near-field  exposure  was  created  by  placing  the 
resonant  slot  3  cm  away  frem  the  body  surface.  The 
electric  field  was  parallel  to  the  long  body  axis. 

The  electrical  properties  of  the  material  filling 
the  model  of  the  human  body  were  equal  to  the  average 
tissue  properties  e.g.  the  dielectric  constant  «*  « 
33  and  the.  conductivity  c  »  0.$5  3/m. 

An  leplantable  triaxial  electric  field  probe,  SIT 
model  979.  wnich  was  previously  calibrated  U),  had, a 
sensitivity  in  the  tissue  material  of  2.1  „V/(V/a)  , 
with  an  estimated  uncertainty  cf  *1  d3.  The  minimum 
measurable  field  intensity  was  1~3  V/m  (SAX  a  l.o 
mV/kg)  for  a  signal  to  r.olst  ratio  of  10,  and  an 
amplifier  bandwidth  of  l  Km, 

Exposure  in  the  Far-Fleld 

The  specific  absorption  rate  (SAR)  in  three 
cross-sections  of  the  human  body  for  the  H 
polarization  ia  shewn  in  Figure  l.  The  cross-secticra 
include  the  body  centre  (z  a  10  cm)  anc  two  ct^er 
planes  5  cm  off-centre.  Each  data  point  ia  an  average 
cf  at  least  five  separate  measurements  performed  at 
various  incident  power  levels  or  on  different  days.  A 
highly  non-uniform  distribution  of  the  SAX  can  be 
noted.  For  instance,  in  the  centre  cross-sect ten  the 
SAX  /a lies  range. frss  3*3  to  112  m«tfkg  fer  an  incident 
power  of  1  mk/ cm*. 

For  the  S  polarization  sinilary  rcn-ur.iform 
distribution  occurs,  with  the  maximum  SAX  locates  m 
the  neck  (9].  Ih.s  is  .il.stnted  in  Figure  2  3f.cw;-g 
the  SAX  along  tr.e  two  body  axis  at  the  center 
crcss-secticn  of  t“e  bccy.  These  results  can  be 
compared  with  the  experiments.  oat a  aval lisle,  in 
literature  for  senes  dewn  models  at  -5C  MS*z  (7 3. 
Despite  the  difference  in  the  exposure  frequency  ore 
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iaU  13  in  good  agreeaent.  Tht  aixiaua  SAX,i*  the 
■'«<*  In  tht  ctnttr  plant  is  approxicattly  $0  oV/kg 
^Figure  2)  as  co*par«;i  with  520  cW/kg  aeasured  at  550 
'«*  (7  j.  Siailarly,  in  tht  legs  tht  aaxlaua  SASs  art 
*.J0  aV/kg  and  15?  aW/kg  in  oup  reasureaents  at  350  MHs 
“Xd  at  550  Mis  (7  ),  respectively. 


Jgurt  I.  Tht  distribution  of  tht  SAX  <aV/kg>  In  a 
roogentoua  aodtl  of  aan  exposed  to  a  plant  wavt  of  1 
f/ca  at  350  Mis,  tht  H  polarisation. 


10.  C 


Tht  distribution  of  tht  SAX  at  250  Mis  Is 
•tlwlarly  ccaplex  in  tht  neck  region  as  ahcwn  In 
N«*e  3.  Tpt  rnxisun  occurs  on  tht  axis  of  syasetry, 
-  is  shitted  away  frca  tht  plant  of  tht  wavt 
licence.  At  points  off  tht  axis  of  syraetr/  tht  SAX 
*rtases  with  the  distance  frcs  the  plant  of  wave 
*idenet. 


Tht  distribution  along  two  selected  axis  in  tht 
nttr  cross-section  of  tht  body  for  tht  H 
.irisaticn  (the  sagnetic  field  parallel  to  the  long 
.a  of  the  body)  is  sncwn  in  Figure  5.  In  this  cast 
ire  Is  a  raxLnx  in  tht  r.tc<  region,  but  Its 
nitude  Is  sail.  A  ouch  core  pronounced  naxiaun  cf 
4  Safe  Is  in  the  <net  region,  its  magnitude  is 


0.  CO  2.  CO  4.  CO  6.  CO  8. 00 
POSITION  ALONG  2-AXIS  tad 

Figure  3.  Tht  specific  absorption  rate  (SAX)  in  the 
neck  vs.  tht  position  along  s,axls  (the  direction  of 
propagation),  350  Mis.  1  aV/ca\  tht  E  polarisation;  • 
on  th*  axis,  o  5  cj  off  tht  axis. 


*f*V*r  \°  th,t  {ar  «>•  t  pol.rlt.tton.  In  (tn.nl, 
«  350  t«t  tn.r.  »r«  m;  .l.U.rlll..  tatu.tn  tn. 
UU I  rop  tn.  two  pol.rlutlons.  mu  l.  muatr.ua 
In  ri,ur.  5,  union  shou.  th.  thin,..  tn  tn.  nun  Jin 
.Ion*  tn.  ula  or  tn.  .00. I  for  tn.  E  .no  H 
polarltatlon*  m.  a..n  Jin  ta  c.lcul.t.a  .t  ..tn 
point  as  an  av.ras.  valut  m  t.nt  norlaantal  tlaau. 
I?”-  “t!>  Olff.rane.  la  a  al,nir:c.nt  mcr.aa. 

or  tn«  Jin  in  tna  n.c»  ror  tn.  c  polirisitton. 


SAR  rat/hg/aVee-S) 

gur«  ?•  Tht  specif  is  abssrptlen  rate  (SAX)  in  the 
»ttr  body  crcss-jtsticn  (s  n,  10  ca)  along  the  two 
lected  axis,  350  Mis,  l  a«/ea  ,  the  2  polarisation . 


I.  JO.  too.  toco 

Figure  5.  Tht  specific  absorption  rtte  (3AR)  averaged 
over  horizontal  layers  of  the  body,  rcnparisor  between 
the  E,(SI{U  in<J  the  H  (H  |}L)  pris; iut'r ..  JtO  MHz,  1 
eW/ca* . 


Tht  whole  body  average  3ARs  for  the  two 
polarizations  art  fairly  dost,  but  signlf  leant 
dlfftrtncts  occur  between  tht  ratt  of  energy 
absorption  In  various  body  parts*  «.|.  head-neck,  or 
area.  Trt  data  on  tht  average  SAR  in  various  body 
parts  Is  aunnarlred  In  Tab It  l. 


Olttoneo  on  top  of  Hoad*  m  Cci*3 
Figure  6.  Tht  sptclfle  absorption  ratt  (SAM  alone 
tht  ctnttr  axis  of  tht  body,  350  .MHs,  1  xW/cs',  tht  k 
polarisation. 


for  tht  head  and  tht  whole-body,  as  eospartd  with 
calculated  valuta  of  ICi  sVf/icg  and  «.$  xV/kg, 
respect tvtly. 

Significant  dlfftrcr.cta  have  been  found  in  the 
SAR  distributions.  Tht  best  illustration  la  presented 
In  Figure  7.  This  Is  a  typical  cospariaon  of  tht 
experloental  and  theoretical  SARs  in  tht  torso  for  tht 
Z  polarization  at  353  flit.  Tht  2AR  in  tht  tarao 
decreases  exponentially  within  tht  ftrat  5  ca  or  sort. 


7}  lC0-  I 
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TABLE  1.  Average  specific  scsorptlcn  rates  in  various 
parts  of  a  full-scale  aooel  of  aan  exposed  to  a 
plane- wave  of  1  sV/ca2  150  MHz  . 

For  wave  propagation  froa  head-to-toe,  in  the  so 
called  k  polarization,  the  SAR  decreases  with  the 
distance  a.ay  fren  the  plane  of  incidence,  but  again  a 
ssali  increase,  of  a  lower  nagnitude  occurs,  in  trt 
r.ec<  region  (Figure  i).  In  this  case  tnt  naxlnux  Is 
relatively  broad. 

Ccogarlson  with  Theory 

Thtoreticil  analysis  has  previously  been 
perforxei  using  the  ntthed  of  resents  to  soive  twe 
tensor  Integral  elation  describing  the  f.tids  Inside 
a  homogeneous  icr  ;nnonogeneous>  c.ocx  node  l  of  nan 
£5,5}.  A  raif  of  the  body,  which  is  sufficient  to 
analyze,  because  of  the  body  syv.etry,  has  been 
divided  into  30  cells,  with  173  of  then  in  the 
head-r.ec<  region.  The  cc-parlscr.  can  only  be  done  for 
the  S  polarization.  The  average  5AR  in  tie  head  me 
for  the  wnole  body  aa  -.tasurea  by  us  are  very  close  to 
those  calculated,  102  s«/xg  and  **0.2  nk/kg  nea cured 


0.0  4.0  9.0  12.0  16.0  20, 

Petition  along  fexit  (ca) 

Figure  7.  Ccoparison  of  the  specific  absorption  rate 
(SAR)  in  the  torso  vt*7  on  fr on  the  feet’  a. erg  tnt 
direct ;cn  of  -ave  propagation  z.  T'e  -ave  is  incident 
at  the  sosel  wall  snewn  by  trt  vertical  line  at  z  * 
19.5  on,  ara  propagates  m  tr.e  negative  z  direction. 
The  points  snow  tie  .tenured  cata,  tr.e  sotted  .ir.e 
oloexa  anew  the  ca.cu.ated  data,  f  *  350  Mbs,  ve  Z 
polarisation.  The  slant  line  sno-s  tnt  least 
square-fit  into  tr.e  exper.-.er.ta.  pc.r.ts  .tore  po.nt* 
are  user  for  the  fit  than  snswn  in  the  fig.rtj. 
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This  has  been  our  consistent  finding  fop  both  the  2 
end  H  polarizations.  In  stout  i  cm  froa  the  surface 
upon  which  the  wave  Is  Incident  the  SAX  decreases  .core 
than  20  tines  (e.g,  in  Figure  7  it  decreases  froa 
approximately  200  to  7  eW/kg).  However,  the  theory 
predicts  a  different  behaviour  with  comparable  SAXs 
within  the  first  and  second  cell  layer  (z  »  13  -  19.5 
ca,  and  2  *  5.5  *  13  cm)  froa  the  plane  of  incidence, 
respectively.  It  is  apparent,  that  the  averages  of 
the  experimental  data  for  the  corresponding  layers 
would  be  significantly  different,  even  in  the  first 
layer  (notice  the  logsrithnic  scale). 

The  cost  likely  reason  for  the  observed 
differences  is  a  relatively  saall  nuaber  of  cells 
within  the  torso  of  the  block  aodel.  In  particular, 
there  are  only  two  to  three  layers  of  cells  In  the 
block  aodel.  The  cell  size  Is  cosparable  with  the 
wavelength  in  the  tissue  oaterlal.  The  differences  in 
the  geoeetrlcal  shape  of  the  aodels  say  also 
contribute  to  the  differences  in  the  SAX  spatial 
distribution. 

Exposure  in  the  Heir-Field 

The  distribution  of  the  SAX  along  two  axis  of  the 
body  exposed  to  a  near-field  of  a  resonant  slot  at  350 
iCit  is  shown  in  Figure  S.  The  SAX  values  here  are 
averaged  within  the  body  slices  in  the  direction  of 
the  wave  propagation.  Zt  is  evident  that  the  maximum 
SAX  occurs  on  the  axis  of  the  slot.  Furthermore,  the 
aaxlauo  Is  broad  in  both  directions,  e.g.  the  SAX  on 
the  body  axis  (A-A)  is  the  sate  as  10  ca  off  the  axis 
(3-8) ■  A  snail  Increase  of  the  SAX  tn  the  neck  region 
is  visible,  but  the  SAX  value  is  about  five  Uses 
below  that  en  the  slot  axis. 

Figure  9  shows  the  vsrlstions  of  the  SAX  along 
the  direction  of  propagation  on  the  axis  of  the  slot. 
It  can  be  noticed  that  stallsrly  to  the  far-fleld 
exposure,  the  SAX  decreases  exponentially  with 


figure  3.  The  specific  absorption  rate  (SAX)  averaged 
along  the  direction  nf  wave  propagation  in  various 
points  cn  two  selected  body  axis.  Exposure  to  a 
rescrant  slot  at  350  W(z,  *  V  input  power,  the  2 
polarisation,  the  slot  placed  3  oa  froa  the  body 
surface,  3?  ca  froa  the  model  osse  (bottoa  of  feet). 


Figure  9.  The  specif to  absorption  rate  (SAX)  along 
the  direction  of  wave  propagation  in  the  torso  on  the 
axis  of  a  resonant  slot,  350  Hit,  1  V  input  power. 
The  points  show  the  measured  values  and  the  line  Is 
the  least-square  fit. 


distance  froa  the  surface  at  which  the  wave  is 
incident.  It  has  been  found  that  the  attenuation 
coefficients  are  equal  (within  the  measurement  error) 
for  the  two  cases  (near  and  far  field  exposure!) ,  and 
very  close  to  the  attenuation  coefficient  calculated 
for  a  planar  model  with  the  electrical  properties  of 
the  tissue  phantom  caterlsl. 

The  whole-body  average  SAX  resulting  froa 
exposure  to  a  resonant  slot  3  ca  away  froa  the  torso 
is  5.7  sW/kg  for  1  V  of  the  input  pov«r  to  the  slot. 
Vhtn  this  is  coapartd  with  the  far-field  exposure,  one 
can  evaluate  that  about  6  v  of  tne  input  power  to  the 
slot  are  an  equivalent  of  1  aV/q 9r  for  the  far-fleld, 
in  teras  of  the  whole-body  average  SAX  (see  Table  1). 
A  cooparisen  of  the  SAX  on  the  surface  of  the  torso 
(Figures  7  and  9)  indicates  that  cn  the  axis  of  the 
slot  it  is  205  aV/kg  (Figure  9)  for  1  V  of  the  input 
power  scd  in  the  far-field  approximately  2C0  mV/kg  for 
l  sV/ca*  of  the  Incident  power  density. 

Conclusions 

The  spatial  distribution  of  the  SAX  in  a 
full-scale  homogeneous  aodel  of  aan  at  350  MHz  is 
highly  non-unifora  for  all  three  polarisations 
Investigated.  The  SAX  typically  varies  over  at  least 
three  orders  of  sagr.itude.  Large  gradients  of  the  SAX 
occur  along  the  direction  of  propagation,  and  In  the 
torso  the  decrease  In  SAX  with  the  distance  froa  tne 
surface  upon  wnlch  the  wave  is  incident  is 
exponential. 

The  spatial  distribution  of  the  SA.X  is 
particularly  complex  in  the  head-neck  region,  with  a 
maximum  inside  the  neck  for  tne  2  polarization. 

The  theoretical  aral/ais  of  a  block  model  of  man 
having  3*0  cells  {5,7  }  does  not  provide  reliable 
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information  on  the  spatial  distribution  of  the  SAR  at 
350  KHs. 
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Tor  a  resonant  slot  radiator  at  350  ffiz,  which 
represents  typical  exposure  froa  a  leaky  transmitter 
cabinet,  the  SAR  is  highly  non-unifore  with  the 
maximum  on  the  slot  axis.  The  SAX  along  the  slot  axis 
decreases  exponentially  with  distance  froa  the  body 
surface,  when  the  slot  is  positioned  close  to  the 
torso. 
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Implantable  Electric-Field  Probes— Some 
Performance  Characteristics 

MARIA  A.  STUCHLY,  senior  memier,  ieee,  ANDRZEJ  KRASZEWSKI. 
and  STANISLAW  S.  STUCHLY,  senior  member,  ieee 


Abuncf-Perfoimtiice  chincteristlc*  of  three  ImpluuMe  ttlaxlal 
field  probv*  foi  measuring  Interludes  of  the  Internal  electric  field*  In 
biological  tlsauas  it  ndlo  frequencies  an  given.  The  xnaitiviry  in  i U 
between  100  MHe  end  3  Gib,  end  In  phantom  material*  at  330, 913, 
and  2430  MHe,  an  liven  foe  the  Holiday  model  IME-01,  EtT  model 
979,  and  Naeda  model  2608  implantable  ptobet,  u  wall  aa  their  nolat 
and  modulation  characteristics. 


Introduction 

IMPLANTABLE  field  probes  for  measuring  Intensities  of  the 
Internal  electric  fields  in  biological  tissues  at  radio  frequen¬ 
cies  have  been  analyzed  extensively  (1)-(£|.  Single-  and 
triple-axis  (isotropic)  probes  have  been  designed  and  are  avail¬ 
able  commercially.  These  probes  are  used  to  measure  the  In¬ 
tensities  of  the  electric  field  In  live  animals  and  In  models  of 
biological  bodies  (7) ,  (8] . 

The  performance  of  the  probes,  in  terms  of  their  Input  im¬ 
pedance  and  the  electric  field  response  as  functions  of  the  di¬ 
electric  properties  of  the  medium,  has  been  analyzed  (2) .  The 
errors  in  the  probe  response  resulting  from  the  proximity  of  a 
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A.  Ktasrewslcl  and  S.  S.  Stuchly  are  wrth  the  Department  of  Elec¬ 
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6N3. 


material  Interface  (3],  and  from  direct  coupling  of  the  inci¬ 
dent  field  to  the  lossy  transmission  line  conductors,  have  also, 
been  evaluated  [4] .  The  limitations  Imposed  on  the  measure¬ 
ment  of  amplitude-modulated  signals  by  the  resistive  line  and 
the  shunt  capacitance  of  the  diode,  acting  as  a  low-pass  filter, 
have  been  examined  theoretically  [4] . 

The  essential  operating  parameters  of  Implantable  probes 
are  the  directional  response,  dynamic  range,  sensitivity,  noise 
voltage,  response  to  modulated  fields,  field  perturbation,  and 
spatial  response.  Some  of  these  parameters  were  previously 
determined  for  experimental  single-  and  triple-axis  probes 
(5) ,  [6]  and  for  a  commercial  single-axis  probe  [9] .  In  this 
paper,  the  sensitivity,  noise,  and  modulation  characteristics  of 
three  commercially  available  implantable  isotropic  triaxial_ 
probes  are  given.  Information  on  the  modulation  and  noise  " 
characteristics  Is  essential  for  the  selection  of  the  modulation 
frequency  In  an  experimental  dosimetry  system  designed  to 
measure  the  internal  electric  field  in  various  models  of  bio¬ 
logical  bodies  [10], 

Experimental  Materials  and  Methods 
Description  of  the  Probes 

Three  commercially  available  triaxial  electric-field  probes, 
namely,  a  Holaday  IME-01,  an  EIT  979,  and  a  Narda  2608, 
were  tested.  The  dimensions  of  the  probes  and  the  dipole  con¬ 
figurations  are  given  in  Table  I.  The  length  of  the  dipoles  and 
models  of  the  detector  diodes  are  not  available.  A  genera] 
description  of  implantable  electric-field  probes  is  presented 
in  a  recent  review  paper  (11], 
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TABLE  I 

DlMINtlONS  or  TKS  Pxoass  AND  DlPOLC  CONPIGL’AATIONS 


hob* 

Model 

Effective 

Diunetec1 

(mm) 

Dtpole 

.Configuration® 

Naxda  2608 

3 

A 

ETT  979 

9 

i 

HoUday  IME-Ol 

17 

A 

•Refers  to  the  sensing  tip  of  tho  probo  with  encapsulaUon. 

^Refers  to  tht  configuration  of  the  dipoles  (It],  The  overall  lenith 
of  the  probes  is  approximately  30  cm. 


-A-tl 

IvM 


Noise  Characteristics 

The  noise  voltage  was  measured  in  the  experimental  arrange¬ 
ment  shown  in  Fig.  1.’  The  measurements  were  performed 
for  the  input  of  the  amplitler  (Pre-Amp)  short  circuited  for  a 
1-Mfl  resistor  at  the  input  and  for  three  diodes  of  each  of  the 
probes.  All  the  data  were  obtained  for  two  bandwidth  settings 
of  the  lock-in  amplifier,  namely,  the  effective  noise  bandwidth 
of  0.5  and  5.0  Hz.  The  test  probe  was  placed  in  a  metal  tube 
to  limit  interference  by  stray  electromagnetic  fields. 

The  noise  spectral  density  (in  |iV/>/flz  )  was  calculated  as  a 
ratio  of  the  rms  voltage  to  the  bandwidth. 

Modulation  Cnaracteristics 

The  modulation  characteristics  were  determined  in  the  ex¬ 
perimental  arrangement  shown  in  Fig.  2  for  the  EIT  and  Nsrda 
probes,  and  In  that  shown  in  Fig.  3  for  the  Holaday  probe.  In 
both  cases,  an  electric  field  of  known  Intensity  was  produced 
in  the  exposure  cell.  A  low-frequency  signal  was  applied  to 
the  radio  frequency  source  as  a  modulation  signal  and  as  a 
reference  signal  to  the  lock-in  amplifer.  The  input  impedance 
of  the  preamplifier  was  10  MR  with  a  shunt  capacitance  of 
IS  pF.  The  amplitude  of  the  modulation  signal  was  adjusted 
to  obtain  100  percent  modulation,  and  the  modulation  fre¬ 
quency  was  varied  point-by-point  from  0  to  6  kHz.  The  out¬ 
put  voltages  (rms  values)  from  all  three  dipole  diodes  were 
measured  and  their  sums  calculated.  These  sums  were  taken 
as  measures  of  the  square  of  the  electric-field  intensities.  The 
measurements  were  repeated  at  three  field  intensities,  iow 
enough  to  ensure  operation  in  the  square-law  range  of  the 
probe  diodes;  very  little  data  variability  was  experienced. 

Sensitivity  and  Linearity 

The  probe's  sensitivity  was  determined  in  atr  at  ten  fre¬ 
quencies  in  a  range  from  100  MHz  to  3  GHz,  and  in  the  Us- 


Fig.  2.  Experimental  Arrangement  for  determination  of  the  sensitivity 
la  air  and  modulation  charaeteristies  at  frequencies  above  1000  M  Ha. 


Fig.  3.  Experimental  arrangement  for  determination  of  the  sensitivity 

in  air  and  modulation  characteristics  at  frequencies  100-1000  MHz. 

sue  phantom  materials  at  selected  frequencies  of  350,  915, 
and  2450  MHz.  The  sensitivity  in  air  was  determined  by  com¬ 
paring  the  sum  of  voltages  (rms  values)  from  the  three  probe 
diodes  to  the  known  Intensity  of  the  electric  field.  Standard 
exposure  electric  fields  were  established  in  the  TEM  cell  (Fig. 
3)  and  in  standard  waveguides  (WR  284  and  WR  340)  (Fig. 
2).  The  TEM  cell  had  dimensions  22.5  X  1 5  cm  and  a  charac¬ 
teristic  Impedance  of  50  R.  All  the  sensitivity  measurements 
were  performed  without  amplitude  modulation  and  with 
560-Hz  amplitude  modulation. 

Typically,  the  sensitivity  in  air  was  determined  at  various 
electric-field  intensities  ranging  from  10  to  200  V/m  (rms). 
Least-square  analysis  and  curve  fitting  were  then  performed. 

To  determine  the  probe  sensitivity  in  the  tissue  phantom 
material,  a  planar  model, -consisting  of  a  slab  of  tissue-equiva¬ 
lent  material  having  a  permittivity  as  shown  in  Table  II,  of  3 
cross  section  0,5  X  0.5  m  and  a  thickness  of  10  cm,  contained 
In  a  Styrofoam  box,  was  used.  The  model  was  exposed  to  a 
plane  wave  of  a  known  power  density  whose  electric-field  vec¬ 
tor  was  parallel  to  the  model  interface.  The  electric-field 
intensity  was  measured  with  the  test  probe  moving  outside 
and  inside  the  phantom  material  along  the  direction  of  the 
wave  Incidence.  The  field  intensity  at  the  air-phantom  ma¬ 
terial  interface  was  extrapolated  from  the  measured  points 
in  free  space  and  in  the  phantom.  The  clectnc-field  intensity 
at  the  air-phantom  interface  also  can  be  calculated  from  the 
measured  incident  field  (without  the  model)  as 


'The  Holaday  1ME-01  probe  was  used  without  its  standard  £0  » E,  - - .  .  „ 

preamplifiers.  1  +  Ve  -  /e 
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TABLE  II 

The  PUMtiTivitv  of  thf  Phantom  Matimal  U<*d  in* 
Sessitiv  tiv.  Mewuminh 


Frequency  (MHt) 

Dielectric  Co rutant 

Conductivity  (S/m) 

350 

53 

M 

91S 

S2J 

U 

2450 

48 

2.3 

where  F0  is  the  electric-field  intensity  at  the  interface.  E(  is 
the  incident  electric-field  intensity,  e'  is  the  relative  dielectric 
constant,  and  e"  is  the  loss  factor  of  the  phantom  material 
(<"  ■  o/ufo). 

The  Intensity  of  the  electric  field  in  the  phantom  material 
was  measured  by  the  probe  at  a  few  points  along  the  direction 
of  wave  propagation  and  then  extrapolated  to  the  interface. 
If  the  voltages  measured  by  the  probe  at  the  interface  are  (fa 
and  UA  in  the  phantom  material  and  air,  respectively  (see 
Fig.  7),  the  probe  enhancement  factor  can  be  defined  as 

K-ouIoa  .  (2) 

where 

VM'o»E\  (3) 

and 

«A  ‘‘An  W 

where  F0  is  given  by  (1).  The  coefficients  ait  and  aA  are  the 
probe  sensitivitlesln  the  phantom  material  and  air.  respectively. 

This  calibration  technique  is  essentially  identical  to  that 
described  previously  by  Hill  (9]. 

Experimental  Results 
Noise  and  Modulation  Characteristics 

The  noise  spectral  density  as  a  function  of  frequency  for  the 
three  probes  and  short  circuit  is  shown  in  Fig.  A,  To  obtain 
tile  total  noise  voltage,  the  noise  for  a  given  probe  should  be 
added  to  that  of  the  short  circuit  (the  short  circuit  noise  was 
subtracted  from  the  data  shown  In  Fig.  4  to  facilitate  clear 
graphical  presentation).  The  line-frequency  (60  Hz)  contri¬ 
butions,  particularly  the  odd  harmonics,  are  significant,  and 
these  frequencies  should  be  avoided  in  selecting  the  modula¬ 
tion  frequency.  The  noise  voltage  decreases  with  frequency 
particularly  fast  at  frequencies  above  1000  Hz. 

Fig.  5  shows  the  relative  probe  sensitivity  as  a  function  of 
the  modulation  frequency  for  an  amplitude-modulated  elec¬ 
tric  field.  This  characteristic  does  not  depend  on  the  carrier 
radio  frequency  and  is  practically  identical  for  any  probe  of 
the  same  model.  The  sensitivity  changes  little  with  the  mod¬ 
ulation  frequency  up  to  about  200  Hz,  and  decreases  to  about 
0.1  at  approximately  5  kHz  for  the  E1T  and  Holaday  probes 
and  at  2  kHz  for  the  Narda  probe. 

The  modulation  frequency  response  of  the  implantable  elec¬ 
tric-field  probes  is  determined  by  the  resistance  of  the  leads 
and  the  shunt  capacitance  of  the  diode,  as  well  as  the  shunt 
input  capacitance  of  the  amplifier  (11).  The  modulation 
characteristics  of  the  three  probes  presented  in  Fig.  5  seem 
quite  similar,  suggesting  that  the  roll-off  frequency  is,  in 
each  case,  determined  by  the  input  amplifier  rather  than  the 
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Fig.  4.  Noise  spectral  density  as  a  function  of  frequency*  for  three 
probes.  The  fine-dashed  line  indicates  the  voltage  at  a  power-line 
frequency  of  60  Hr  and  Its  harmonics  measured  with  system  short- 
circuited;  these  values  should  be  added  to  the  values  indicated  for 
the  three  probes. 


Fig.  S.  Modulation  characteristics -relative  sensitivity  as  a  function  of 
amplitude  modulation  frequency. 


properties  of  the  probe  itself.  Since  the  electrical  parameters 
of  the  high-resistance  leads  and  the  shunt  capacitance  of  the 
diode  are  not  available,  this  point  cannot  be  fully  clarified. 

The  data  On  the  noise  voltage  (Fig.  4)  and  the  modulation 
sensitivity  can  be  used  to  select  the  optimum  modulation  fre-' 
quency  which  offers  a  maximum  signal-to-noise  ratio.  For 
all  three  probes,  the  optimum  modubtion  frequency’  lies 
between  400  and  800  Hz  (excluding  the  power-line  frequency 
harmonics).  At  these  modulation  frequencies,  the  signal-to- 
noise  ratio  is  at  least  10  dB  higher  (when  the  amplifier  band¬ 
width  is  1  Hz)  than  for  an  unmodulated  RF  signal.5 

Further  advantage  of  using  amplitude-modulated  radio  fre¬ 
quency  exposure  fields  in  experimental  dosimetry  results 
from  use  of  selective  ac  rather  than  dc  amplifiers  at  the  out- 

’This  may  refer  lo  the  specific  Instrumentation  system  used  (input 
preamplifier). 

’The  dc  sensitivity  of  the  probe  was  estimated  by  extrapolating  the 
ac  data  at  very  low  frequencies  to  de,  which  seems  to  be  the  worst 
case.  A  dc-300  kHz  preamplifier  was  used  in  both  cases. 
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put  of  the  probe.  Not  only  con  higher  gains  be  realized,  but 
troublesome  zero  offsets  are  eliminated  (12). 


Sensitivity  in  Air 


Fig.  6  shows  the  probe  sensitivity  in  air  in  itVm„  normal¬ 
ized  to  1  (V/rn)2,  as  a  function  of  frequency  for  a  CW  electric 
field.  The  points  are  the  averages  of  three  to  five  measure¬ 
ments  performed  for  various  exposure  fields  ranging  from  50 
to  200  V/m  (rms).  Performance  of  the  Narda  probe  below 
200  MHz  was  found  unsatisfactory  due  to  the  voltage  induced 
in  the  high-resistance  leads. 

The  sensitivity  in  air  was  measured  in  two  different  arrange¬ 
ments  without  an  overlap.  A  significant  and  unexpected  In¬ 
crease  of  the  sensitivity  above  i  GHz  may  appear  to  be  caused 
by  an  artifact  in  the  experimental  system.  However,  the  sen¬ 
sitivities  it  915  MHz  (in  the  TEM  cell)  are  significantly  higher 
than  in  the  fiat  region  (100-700  MHz).  Also,  the  sensitivities 
at  2000  and  2450  MHz  were  determined  in  two  different 
waveguides,  WR  340  and  WR  234,  respectively,  which  would 
indicate  a  trend  rather  than  an  artifact. 


Sensitivity  in  Tissue  Materials 

Typical  data  obtained  In  the  process  of  the  determination  of 
the  enhancement  factor  or  the  sensitivity  in  the  tissue  phan¬ 
tom  are  shown  in  Fig.  7  for  the  Holaday  probe  at  350  MHz. 
The  points  show  the  measured  values  and  the  lines  the  least- 
square  fits  using  equations  describing  the  electric  field  of  the 
incident  (short  dash),  reflected  plus  Incident  (long  dash),  and 
the  transmitted  (solid  line)  waves,  respectively,4  The  electric- 
field  intensity  in  air  (the  reflected  plus  the  incident  wave)  £4 
Is  described  by  the  relationship  [13] 


£y<*£,/(l  +  re1,(w«)] 


i-t/cWc" 

i  fsfrnr 


( 5 ) 


where  P  Is  the  reflection  coefficient,  7  is  the  propagation  con¬ 
stant  in  air,  z  is  the  distance  along  the  direction  of  propaga¬ 
tion,  and  zo  is  the  distance  from  the  interface.  The  distances 
are  measured  from  the  point  where  E 1  (the  Intensity  of  the 
incident  field)  is  defined.  The  intensity  of  the  electric  field 
fa  the  phantom  material  is  equal  to  [13] 

£>.£ae-7.  (6) 

where  7,  is  the  propagation  constant  fa  the  phantom  material 

7,*2n/v5I57  Ve'-/«*. 

The  ratio  of  the  extrapolated  values  of  the  squares  of  the 
electric-field  intensities  m  the  phantom  materia!  and  air,  i.e.. 
UmIUa  >  is  the  enhancement  factor.  The  sensitivity  in  phan¬ 
tom  material  can  be  calculated  then  as  (see  (2K4)I 


“*<U- 


(7) 


4These  values  were  calculated  from  the  measured  Incident  power 
density  and  the  calculated  reflect!-/!  coefficient  at  the  air-phantom 
material  Interface. 
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Fif.  6.  Sensitivity  of  the  probes  in  air  in  for  CU  radio 

frequency. 


Fif.  7.  An  example  of  the  experimental  data  obtained  in  the  process 
of  mcasurinf  the*  enhancement  factor  for  the  probe  in  the  tissue 
phantom.  Holaday  IME-01  probe  at  350  MHz,  The  points  show  the 
measured  values.  The  solid  Une  shows  the  least-squares  fit  (in  the 
lofanthmic  scale)  to  the- experimental  data  In  the  phantom.  The 
lonfdashed  curve  shows  the  fit  of  the  curve  desenbed  by  (5)  to  the 
experimental  data  in  air.  The  short-dashed  cune  shows  the  least- 
squares  flt  to  the  experimental  data  for  the  Incident  field  (without 
the  tissue  phantom). 

The  enhancement  factors  and  their  standard  deviations  at 
350,  915,  and  2450  MHz  are  given  in  Table  III.  These  results 
were  obtained  in  the  far-field  of  half-wavelength  dipoles  placed 
in  the  anechoic  chamber.  The  electric  field  intensity  at  the 
interface  was  about  30  V/m  (rms)  at  350  and  915  MHz.  and 
about  40  V/m  (rms)  at  2.45  CHz.  These  values  were  limited 
by  the  available  power  of  the  generators  and  the  minimum 
distances  required  to  obtain  the  far-field  exposure  condition. 

The  enhancement  factor  for  the  Narda  probe  is  greater  than 
for  the  remaining  two  probes,  as  this  probe  has  its  dipoles  en- 
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TABLE  III 

The  Enhancement  Factor  (An  Increase  is  Sensitivity)  fo* 
Prores  is  the Thui  Phantom  Material;  Shows  are 
the  Average  and  Standard  Deviations  (SD) 


Frequency 

350  MHz 

915  MHz 

2.45  GHz 

Holiday  1ME-01 

6.1 1  0.28 

2.24  i  0.04 

_ 

EIT  979 

7.2 1  0.8 

2.56  i  0.07 

1.56  1 0.08 

Naida  2608 

9.9  1 0.8 

6.10  *  0.31 

5.22 1 0.19 

capsulatcd  in  a  high-dielectric  constant  material.  However, 
for  all  (lie  probes  studied,  the  enhancement  factor  is  frequency 
dependent,  and  therefore,  the  calibration  has  to  be  performed 
at  each  frequency  at  which  the  probe  is  used.  An  extrapola¬ 
tion  for  closely  spaced  frequencies  is  possible,  as  the  sensi¬ 
tivity  variations  are  generally  small. 

Calibration  of  the  Implantable  probes  in  tissue  phantom 
materials  is  subject  to  several  factors  affecting  its  accuracy. 
These  factors  include  the  uncertainty  In  the  intensity  of  the 
incident  field,  the  reflections  from  the  nearby  objects  resulting 
in  standing  waves,  reflections  from  the  Styrofoam  box  con¬ 
taining  the  phantom  material,  uncertainty  in  the  dielectric 
properties  of  the  phantom  material,  homogeneity  of  the  phan¬ 
tom  material,  alignment  of  the  incident  electric  field  with 
the  phantom  material  interface,  the  uncertainty  in  measuring 
the  probe  output  voltage,  the  perturbation  by  the  probe,  and 
the  uncertainty  in  the  probe  positioning.  Some  of  these  fac¬ 
tors  can  be  easily  controlled,  e.g..  the  reflections  from  the 
nearby  objects  have  been  practically  eliminated  as  can  be  seen 
in  Fig.  7  where  the  measured  values  in  air  very  closely  follow 
the  theoretical  relationship.  Similarly,  the  reflections  from 
the  far  surface  of  the  model  are  very  small.  The  dielectric 
properties  of  the  tissue  phantom  material  were  measured  with 
an  uncertainty  of  less  than  2  percent.  Furthermore,  they  do 
not  critically  change  the  probe  sensitivity,  particularly  for 
Insulated  probes  (2) .  The  probes  were  positioned  within  4  1 
mm.  The  main  sources  of  error  that  remained  were  due  to 
the  uncertainty  of  the  incident  electric  field,  the  probe  per¬ 
turbation,  and  the  uncertainty  in  the  measured  probe  output. 
This  last  factor  includes  the  directional  response  of  the  probe. 
Furthermore,  when  only  limited  power  is  available,  the  sensi¬ 
tivity  of  the  probe  only  may  be  sufficient  to  obtain  a  few  data 
points  in  the  tissue  material  phantom.  This  limitation  has 
affected  the  accuracy  of  measurements  of  the  HIT  and  Narda 
probes  at  350  MHz  (Table  III).  The  worst  case  calibration 
uncertainty  was  estimated  to  be  within  10  percent  (SD).  The 
standard  deviations  in  Table  111  show  that  the  actual  measure¬ 
ment  results  are  well  within  these  limits. 

Conclusions 

Three  commercially  available  triaxial  electric-field  probes 
have  been  evaluated  and  calibrated  for  use  in  experimental 
dosimetry  at  frequencies  of  350, 915,  and  2450  MHz.  On  the 
basis  of  noise  and  amplitude  modulation  characteristics,  we 
concluded  that  the  signal-to-noise  ratio  increases  compared 
to  an  unmodulated  signal:  about  ten  times  when  the  radio 
frequency  exposure  field  is  amplitude  modulated  at  frequen¬ 
cies  between  about  400  and  800  Hz.  The  power-line  fre¬ 
quency  and  its  harmonics  should  be  avoided. 


TABLE  IV 

■gut  Awiohmats  Minimi  m  Inumitics  (with  rut  Sioni-ro-Noist 
Ratio  10)  or  thi  Eucthic  Fird  in  Tissrr  Phantom 
MaTUIAI  MlASltAILl  port  500  Ht  Moditation  and  1-Ha 
Bandwidth  AMrurna 


Fr«quency 

350  MHz 

915  MHz 

.  2.45  GHz 

Hobday  IME-0I 

0.25  V/m 

0.45  V/m 

_ 

EIT  979 

1.3  V/m 

2.1  V/m  - 

1.7  V/m 

Nuda  2608 

3.0  V/m 

3.8  V/m-^ 

2.4  V/m 

The  sensitivity  of  the  probes  In  air  changes"reiatively  little 
over  a  wide  range  of  frequencies  (100  MHz-1  GHz),  and  gen¬ 
erally  increases  with  frequency  above  I  GHz.  However,  the 
sensitivity  in  the  tissue  phantom  material  depends  on  the 
exposure  frequency,  and  the  probes  have  to  be  calibrated  at 
a  specific  frequency  of  operation.  The  estimated  lowest  in¬ 
tensities  of  the  electric  field  in  the  tissue  phantom  material 
that  can  be  measured  with  a  signal-to-noise  ratio  of  10  using 
a  1-Hz  bandwidth  amplifier  and  500-Hz  amplitude  modula¬ 
tion  are  given  in  Table  IV.  The  sensitivity  can  be  improved 
further  by  using  an  amplifier  with  a  narrower  bandwidth. 

Acknowledgment 

Assistance  provided  by  G.  Hartsgrove  and  S.  Symons  of  the 
University  of  Ottawa  is  gratefully  acknowledged. 

References 

|1|  C.  S.  Smith  and  R.  W.  P.  Kins.  “Electric-field  probes  In  material 
media  and  their  applications  in  EMC."  IEEE  Twit.  Electro- 
me[n.  Compel.  voL  EMC-17.  pp.  206-211. 1975. 

(2)  C.  S.  Smith.  “A  comparison  of  electrically  short  bare  and  Insu¬ 
lated  probes  for  measuring  the  local  radio  frequency  electric 
field  In  biological  systems," IEEE  Trent.  Homed.  Enp.  voL  BME- 
22, pp. 477-483. 1975. 

(3)  — .  "The  electric-field  probe  near  a  material  Interface  with 
application  to  the  probing  of  fields  in  biological  bodies."  IEEE 
Trent.  Hlceoweve  Theory  Tech..  voL  MTT-27.  pp.  270-278. 
1979. 

(4)  — .  “Analysis  of  miniature  electric-field  probes  with  resistive 
transmission  lines."  IEEE  Trent.  Micro  wee  Theory  Tech.,  vol. 
MTT-29.  pp.  1213-1224. 1981. 

(5j  H.  Bassett,  W,  Herman,  and  R.  Boss,  "EM  probe  with  fiber  optic 
telemetry  system."  Mlcroweve  /,  voL  20.  pp.  35.  38,  39,  47, 
1977. 

(6)  H.  Bassen,  P,  Herchenroeder,  A.  Cheung,  and  S.  Neuder.  "Evalu¬ 
ation  of  an  implantable  electric-field  probe  within  finite  simu¬ 
lated  tissues,"  Audio  Set.,  vol.  12,  no.  6S,  pp.  15-25. 1977. 

(7)  A.  B.  CamJe,  D.  A.  Hill,  and  H.  M.  Assenheim,  "Dosimetry  for 
a  study  of  effects  of  2.45-GHe  microwaves  on  mouse  testis," 
Bioelectromapn..  voL  1.  pp.  325-336. 1980. 

(8]  T,  W.  Athey  and  R.  F.  Cleveland,  "Power  deposition  In  a  head 
model  exposed  to  hand-held  UHF  transceivers."  presented  at  the 
4th  Annu.  Meet.  Bfoelectromsgn.  Soc.  (Abstract),  Los  Angeles. 
CA,  June  28-luly  2, 1982. 

(9]  D.  A.  Hill,  "Waveguide  technique  for  the  calibration  of  miniature 
implantable  electric-field  probes  for  use  in  microwave-bioeffects 
studies,"  IEEE  Trent.  Mlcroweve  Theory  Tech.,  voL  MTT-30,  pp. 
92-99, 1982. 

(101  S.  S.  Stuchly,  M.  Barski,  B.  Tam,  G.  Hartsgrove,  and  S.  Symons. 
"A  computer-based  scanning  system  for  electromagnetic  dosim¬ 
etry,"  Rev.  ScL  Inter.,  1983,  accepted  for  publication. 

(Ill  H.  1.  Bassen  and  G.  S. Smith.  “Electrical  field  probes-A  review." 

IEEE  Trent  Antennal  Fropaper.,  yoL  AP-31,pp.  710-718, 1983. 
(12)  S.  S.  Stuchly,  M.  Barski.  B.  Tam,  G.  Hartsgrove.  and  S.  Symons. 
“A  computer-controlled  experimental  system  for  electromagnetic 
dosimetry,"  in  Prop.  Uh  Anno.  Conf.  Sioenp.  Electron.  Soc. 
(abstract),  June  12-17, 1983.  Boulder,  CO,  p.  1 1 1. 

(13J  C.  P.  Paul  and  S.  A.  Natar,  Introdoction  to  Electromepnettc 
Fteldt  New  York:  McGraw-Hill.  1982,  263  pp. 


STUCHLY  etal.'.  IMPLANTABLE  ELECTRIC-FIELD  PROBES 


S3 1 


■P**  *  *1  Maria  A.  Stuchly  <M'71-SM’76)  received  the 

;  -;y^v  1  NLS.ELE.  degree  from  the  Warsaw  Technical 

\  ’  University/ Warsaw,  Poland,  in  1962.  and  the 

\  ,  Ph.D, .  degree  from  the  Polish  Academy  of 
f  -*■  *  >  Sciences,  in  1970. 

t  ^  Between  1962  and  1976  she  was  employed 

y  <  7  j  it  the  Warsaw  Technical  University,  an  Inst!* 

'  •  /» |  tute  of  the  Polish  Academy  of  Science,  and 

►.  .  ‘  Sj  it  the  University  of  Manitoba,  Winnipeg.  Can- 

ada.  Since  1976  she  has  t*en  with  the  Radia¬ 
tion  Protection  Bureau.  Department  of  Health 
and  Weifaxe.  Canada.  She  is  responsible  for  research  and  reflations  in 
the  area  of  health  protection  against  electromagnetic  fields.  She  is 
also  an  Adjunct  Professor  in  the  Department  of  Electrical  Engineering, 
University  of  Ottawa.  Ottawa,  OnL,  Canada. 


f  Andrzej  Krauewski  was  born  in  Poznan. Poland, 

on  Aprs!  22,  1933.  He  received  the  M.Sc.  de¬ 
gree  in  electrical  engineering  from  the  Technical 
University  of  Warsaw,  Warsaw,  Poland.  In  1958, 
and  the  D.Sc.  degree  in  technical  sciences  from 
the  Polish  Academy  of  Sciences  (PAN),  Warsaw, 
L  in  1973. 

In  1953  he  Joined  the  Telecommunication 
I  Institute,  Warsaw,  Poland,  in  the  research  and 
*Jk  development  of  microwave  components  and 
systems.  In  1963  he  joined  UNIPAN  Scientific 
Instruments,  a  subsidiary  of  the  Polish  Academy  of  Sciences,  as  the  Head 
of  the  .Microwave  Laboratory.  In  1972  he  became  the  Manager  of  the 
Microwave  Department  of  WILMER  Instruments  and  Measurements,  a 
subsidiary  of  the  Polish  Academy  of  Sciences  in  Warsaw,  where  he  co- 
developed  microwave  instruments  for  moisture  content  measurements 
and  control.  Since  November  1980  he  has  been  a  Visiting  Professoral 
the  University  of  Ottawa,  Ottawa,  Ont.  Canada,  where  he  it  engaged 
in  the  research  of  interactions  between  dielectric  and  electromagnetic 
fields.  He  is  the  author  of  several  books  on  mkiowivt  theory  and 


techniques,  has  published  mote  than  80  technical  papers  on  the  sub; 
j  oil,  and  hotds  18  patents. 

Dr.  Kraszewski  is  a  member  of  the  International  Microwave  Power 
Institute,  the  Polish  Electricuns  Association,  and  is  on  the  Fditorial 
Board  of  the  Journal  of  Microwave  Power.  He  received  several  pro¬ 
fessional  awards,  among  them  the  State  Prize  in  Science,  in  1980. 


I  Sttnlilaw  S.  Stuchly  (M’70-SM’72)  wjs  born 

i  -*3  In  Lwow,  Poland,  on  November  20,  1931,  He 

,  ****"<*'  "  received  the  B.Sc.  degree  from  the  Technical 

!■  •*  ■  University,  GUwice.  Poland,  the  M.Sc.  degree 

\\  ,  F  *  from  Warsaw  Technical  University.  both  in 

'L'  C  f  *  t  electrical  engineering,  in  1953  and  1958.  re- 

j  ipecttvejy,  and  the  Ph.D.  degree  from  the 

>  Polish  Academy  of  Sciences,  Warsaw.  Poland, 

I  \  in  1963. 

"  From  1953  to  1959  he  was  a  Research  Engi¬ 
neer  at  the  Industrial  Institute  for  Telecommu¬ 
nications,  Warsaw,  Poland,  engaged  in  research  in  the  field  of  radar  and 
microwave  theory  and  techniques.  From  1959  to  1963  he  was  with 
the  Warsaw  Technical  University  as  an  Assistant  Professor  working  in 
the  field  of  microwave  measurements.  In  1963  he  joined  UNIPAN- 
Scientific  Instruments,  Subsidiary  of  the  Polish  Academy  of  Sciences- 
as  a  Manager  of  the  Microwave  Instruments  Division.  In  1970  he  im¬ 
migrated  to  Canada.  From  1970  to  1976  he  was  with  the  University 
of  Manitoba,  Winnipeg,  Canada,  as  an  Associate  Professor  in  the  De¬ 
partments  of  Agricultural  Engineering  and  Electrical  Engineering. 
Since  1977  he  has  been  with  the  Department  of  Electrical  Engineering, 
University  of  Ottawa,  Ottawa,  Ont..  Canada,  where  he  is  presently  a 
Professor  and  teaches  courses  and  carries  out  research  In  the  field  of 
microwave  theory  and  techniques,  as  well  at  digital  instrumentation  and 
applications  of  computers.  He  Isalsoa  nonresident  Protestor  at  Carleton 
University.  Ottawa.  Canada.  He  is  the  author  of  over  80  scientific 
papers  In  the  field  of  microwave  theory  and  techniques,  as  well  *j 
analog  and  digital  instrumentation.  He  holds  18  patents. 


7.2 


DISTRIBUTION  OF  HADIOFRE9UEHCY  ENERGY  IN  A 
MODEL  OF  MAN  -  EXPERIMENTAL  RESULTS 

M;  Stuchly,*dA.  Kfaazewskl,  s.  Stuchly 
G.  Hartsgrove 

Department  of  Electrical  'Engineering 
University  of  Ottawa,  Ottawa,  Ontario, 

KIN  6 NSi  Canada 

•Radiation  Protection  Bureau,  Health  and 
Welfare  Canada 

Spatial  distribution  of  the  electric  field  inside 
todies  exposed  to  radlofreouency  £ HF >  fields  and  the 
specific  absorption  rate  TSAR)  are  important  factors  in 
quantifying  biological  responses.  A  computer- 
controlled  system  and  Implantable  trlaxial  electric 
field  probes  were  used  to  experiment illy" determine  the 
MAR  distribution  inside  a  full  scale- model  of  man.  The 
model  having  homogeneous  electrical  properties  WS3 
exposed  to  a  plane  wave  at  35Q  Milt  with  the  electric 
field  vector  parallel  to  the  body  axis,  and  with  the 
wave  propagation  vector  parallel  to  the  body  axis  - 
propagation  from  head  to  toe.  The  SAR  was  measured 
with  an  estimated  uncertainty  of  -  I  db.  The 
reliability  and  accuracy  of  our  experimental  method  was 
verified  using  simple  geometrical  bodies  such  a  slab's, 
spheres  and  cylinders,  for  which  theoretical  SAN 
distributions  are  available.  Our  experimental  data  was 
compared  with  the  values  obtained  numerically  Tor  a 
block  model  of  man,  and  with  the  experimental  values 
obtained  thermographlcally  at  hep  Mils.  Significant 
differences  tn  the  values  of  the  local  SAR  were  noted 
between  our  d3ta  and  the  theoretical  values  (block 
mode!)  for  both  polarizations  Investigated.  A  good 
agreement  with  the  thermographic  results  was  observed. 

Our  results  clearly  indicate  the  significance  of 
obtaining  the  SAR  distribution  in  a  reliable  manner 
under  realistic  conditions.  Furthermore,  the  method 
developed  is  also  suitable  for  measuring  the  SAR 
distribution  in  anatomically  realistic  (bones.  Internal 
organs)  models  under  practically  any  exposure 
conditions. 


Exposure  of  Human  Models  in  the  Near  and 
Far  Field— A  Comparison 
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lij/wf— Ihf  specific  absorpiion  rale  (S.VR)  «as  mea>urid  in  o»cr 
ft  50  I*h  jimn«  in  a  full'uaic  inodd  «»f  man  c\p«iMd  in  (hr  far  ami  mar 
held  of  jnknius  at  350  and  915  Mil/.  The  wholefood*  Jttrau?.  She 
hndv*(>arts  uvtrjge.  and  th*  dUirihuliiifi*  «*f  the  ,S\R\  arc  omiptrcd 
fur  Ihrrr  e  poljri/ulioni  fur  (he  far  and  (he  ntar-tatM  v\pmurc%. 
Effect  on  (hr  enerji)  drpoMiiun  uf  (he  anliniu  t\  pe,  gain,  and  I<r  ali'in 
in  (he  near  held  arc  di'<u>scd. 

I.  iN'IRODirriON 

IOLOUICAL  effects  and  polenlial  health  hazard:,  of 
radio-frequency  (RE)  electromagnetic  waves  have  been 
ihe  subject  of  continuing  investigations  since  the  Second 
World  War  and  at  times  also  a  subject  of  controversies. 
To  quantify  the  exposure  conditions  and  the  resulting  re¬ 
sponses  for  various  biological  species,  the  specific  absorp¬ 
tion  rale  (SAR)  is  used  The  SAR  is  dclincd  as  the  rale  al 
which  RE  energy  is  imparted  io  Ihe  body  [l|.  it  is  well 
recognized  lhal  both  the  w  hole-bod;  average  SAR.  as  well 
as  ihe  spatial  SAR  distribution,  are  important  parameters 
affecting  biological  responses  (2|. 

In  recent  years  there  has  been  a  widespread  and  grow¬ 
ing  use  of  portable  and  mobile  RF  devices.  The  user  of 
these  devices  is  exposed  10  RF  radiation  in  the  near  field 
of  the  antenna.  Howe'er,  recommendations  on  RE  expo¬ 
sure  limits  are  based  on  the  experimental  data  for  the  far- 
tield  exposures  and  are  usujlly  formulated  in  terms  of  the 
far-tield  parameters  |3|,  [4]  Only  general  guidance  re- 
enrding  the  SAR  is  given  for  the  near-ltchl  exposures  |3[. 
|4|  Available  data  on  the  distribution  of  ihe  SAR  in  hu¬ 
mans  or  their  models  exposed  in  the  near  livid  are  very 
limned  [5|  Most  of  the  analytical  and  experimental  data 
repotted  deal  xvith  simple  models  such  as  a  slab  |(i|  or  a 
spiieroid  P|-|9|  A  block  model  of  man  exposed  10  a  di¬ 
pole  was  also  analyzed  1 10]  Comparisons  of  our  experi¬ 
mental  data  to  the  calculated  SAR  values  are  the  subject 
of  separate  publications  in  preparation  A  considerable 
amount  of  data  is  available  on  average  SAR's  for  both  the 
tar-  .md  near-held  conditions  1 1 1 1. 1 12| 

In  this  paper  we  compare  our  experimental  results  of 
the  SAR  distribution  in  a  full-scale  model  ot  nun  exposed 
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in  the  tar  and  ihe  near  field  al  frequencies  of  350  and  915 
MHz  Tile  whole-body  average  and  Ihe  body-pan  average 
SAR's  arc  also  compared,  using  as  a  term  of  reference  the 
output  power  of  the  antenna  winch  results  in  the  same  SAR 
as  I  mW/cnr  in  the  lar  lield.  As  three  different  types  of 
antennas  have  been  investigated,  the  data  presented  may 
be  of  assistance  in  determining  exposure  limits  for  porta¬ 
ble  transmitters.  In  particular,  one  of  the  antennas,  namely 
a  resonant  dipole  with  a  redactor,  may  be  considered  as 
representing  the  worst-cause  conditions,  as  the  energy 
couples  very  well  to  the  body. 

The  exposure  Irequeney  ot  350  MHz.  was  selected  be¬ 
cause  of  the  previously  reported  greater  than  Ihe  whole- 
body  average  SAR  in  the  head  m  ihe  far  held  [13].  The 
frequency  ot  915  MHz  is  frequently  used  in  various  in¬ 
dustrial.  scientific,  and  medical  (ISM)  applications.  Both 
frequencies  selected  are  close  to  irequencies  employed  in 
portable  and  mobile  transmitters. 

II.  Mi.ASURr.MKNr  Method 

A  computer-controlled  scanning  system  was  used  to  po¬ 
sition  an  electric  lield  probe  in  a  full-scale  model  of  man. 
The  system  is  described  in  detail  elsewhere  [14],  so  only 
a  briet  description  is  given  here.  The  human  model  and 
the  wanning  system  are  placed  in  an  anechote  chamber. 
An  optical  liber  link  connects  Ihe  electric  field  probe  and 
the  amplifier  with  the  remaining  electronic  circuitry  and  a 
minicomputer  located  outside  ihe  chamber.  The  use  of  Ihe 
optical  link  greatly  reduces  RF  interference. 

The  model  of  man  used  at  350  MHz  was  made  of  low- 
density  Styrofoam  (dielectric  constant  approximately  1.05) 
tilled  with  a  semiliquid  mixture  of  ihe  following  proper¬ 
ties.  ihe  dielectric  constant  < '  =  38  and  the  conductivity 
■o  =  0.95  Sim.  The  geometrical  shape  oi  ihe  model  closely 
approximated  an  anatomically  correct  average  man  with  a 
height  of  175  cm  and  a  weight  of  70  kg.  A  plastic  model 
used  m  ionizing  radiation  dosimetry  (manufactured  by 
Anderson  Research  Laboratories  Inc..  Stamford.  CT)  was 
employed  to  prepare  our  model.  The  method  of  Ihe  model 
preparation  is  illustrated  elsewhere  [5).  Al  915  MHzalhin 
shell  (I  5  mini  model  nude  of  thermoplastic  (dielectric 
constant  approximately  3)  was  used.  This  model  was  eas¬ 
ier  to  prepare  than  the  Styrofoam  model  and  more  durable. 
The  mold  was  prepared  by  wrapping  thermoplastic  mate¬ 
rial  around  the  pluslie  model  using  a  heat  gun.  The  RF 
model  was  filled  with  a  senuliquid  material  wuh  <  =37 
and  a  =  1.17  S/m.  The  electrical  properties  of  ihe  pr.an- 
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torn  material  filling  the  models  were  selected  to  approxi¬ 
mate  those  of  the  "average  tissue,"  i.e..  2/3  of  the  muscle 
propemes  111],  Both  models  were  placed  horizontally  and 
were  supported  from  the  bottom  on  low-density  Styrofoam 
blocks. 

The  electric  field  intensity  was  measured  by  an  implant¬ 
able  triaxial  electric  field  probe:  an  EIT.  model  979.  The 
probe  was  fully  characterized  and  calibrated  prior  to  the 
experiments  (IS],  and  its  calibration  was  spot-checked 
during  the  course  of  the  experiment.  The  SAR  was  cal¬ 
culated  from  the  measured  electric  field  strength  (SAR  = 
E:  alp.  E  is  the  rms  value  of  the  electric  field  strength  a 
is  the  tissue  conductivity,  a  is  the  tissue  density,  p  = 

I  g/cm’).  The  uncertainty  in  the  SAR  was  estimated  at  ± 
dB.  and  was  mostly  due  in  the  calibration  uncertainty  of 
the  probe  (15).  The  measurement  repeatability  was  within 
±0.5  dB.  For  each  exposure  condition  investigated,  the 
SAR  was  measured  in  over  650  locations  within  one-half 
of  the  model. 

For  exposures  in  the  far  field,  the  human  model  was 
placed  at  a  distance  sufficiently  large  to  ensure  the  tar-field 
conditions.  The  distances  were  greater  than  1  and  0.5  m. 
350  and  915  MHz,  respectively.  A  complete  map  of  the 
power  density  at  the  plane  of  the  model  of  man  facing  the 
radiation  source  was  obtained  for  a  given  placement  of  the 
source  without  the  model  in  place.  The  correction  for  the 
nonplanar  wave  front  (amplitude  only)  was  incorporated 
in  the  computer  program  that  normalized  the  measured 
SAR  values  to  I  m\V/cm:  of  the  incident  power. 

Antennas  investigated  in  the  near  field  included;  a  res¬ 
onant  (half-wavelength)  dipole,  a  resonant  dipole  with  a 
metal  reflector,  and  a  resonant  slot.  The  antennas  were 
matched  to  a  50  (I  transmission  line  at  the  test  frequencies 
(with  the  model  of  man  in  the  test  position).  The  power 
reflected  from  the  antennas  did  not  exceed  5  percent  of 
the  incident  power  in  the  worse  case.  The  slot  antenna  at 
350  MHz  was  42.S  cm  long  (hall  wavelength),  3.0  cm 
wide,  and  a  metal  reflector  was  at  a  distance  ol  16.2  cm. 

At  both  trequencies  for  the  E-  and  //-polarizations  the 
antenna  axis  was  parallel  to  (he  mode!  long  axis.  At  350 
MHz  the  antenna  center  was  located  at  103. 137.  and  1566 
cm  Iront  the  tcci  base  for  both  dipoles,  and  at  S5  cut  tor 
l'  e  slot.  In  the  /-polarization  the  dipole  was  located  along 
the  body  vertical  axis,  14  cm  above  the  head.  At  915  MHz. 
the  antenna  center  was  located  137  cm  uom  the  feet  base. 
The  various  positions  were  selected  either  to  represent 
typical  practical  exposure  situations  (137  cm  tor  the 
dipoles— portable  transmitters,  65  cm  tor  the  slot— a  leaky 
cabinet)  or  test  effects  ot  the  vertical  antenna  placement. 

The  model  of  the  human  body  was  exposed  to  RF  ra¬ 
diation  incident  Irom  the  back  tor  (he  far-  and  the  near- 
heldexposures.  Since  the  model  was  homogeneous  the  geo¬ 
metrical  differences  between  the  tront  and  the  back  were 
relatively  small. 


111.  Avfsuor  SAR 


The  whole-body  average  SAR  was  calculated  by  a  sum¬ 
mation  of  the  locally  measured  values,  incorporating  the 


volume  weighing  factor  following  the  prescribed  rule  [16], 
The  estimated  uncertainty  in  the  whole-body  average  SAR 
was  ±  25  percent.  Tables  I  and  II  show  comparisons  be¬ 
tween  the  far-  and  the  near-field  exposures  at  350  and  915 
MHz,  respectively.  An  input  power  to  the  antenna  that 
results  in  the  same  whole-body  average  SAR  as  exposure 
to  1  inW/cnr  in  the  tar  field  at  the  same  frequency  is  given 
for  various  antennas  in  the  near  field.  At  350  MHz  (Table 
I)  the  measured  value  of  the  SAR  in  the  far-field  for  the 
E-polarization  is  very  close  to  that  given  in  the  handbook 
[ll|,  as  well  as  that  calculated  for  the  block  model  [17], 
However,  for  the  //-polarization  the  difference  between  the 
experimentally  determined  SAR  and  the  handbook  [II) 
value  is  greater  than  the  measurement  uncertainty.  Simi¬ 
larly.  at  915  MHz  (Table  II)  both  values  for  the  E-polar- 
ization  arc  very  close  (within  10  percent),  but  a  larger  dif¬ 
ference  occurs  for  the  //-polarization.  An  exact  explana¬ 
tion  of  the  existing  discrepancies  is  not  available  at  pres¬ 
ent.  Two  observations  may  explain  this  lack  of  agreement. 
Theoretical  data  given  in  the  handbook  (II)  for  frequen¬ 
cies  above  200  MHz  for  the  //-polarization  are  based  on 
an  analysis  of  a  greatly  simplified  model,  namely  an  infi¬ 
nite  cylinder  (IS).  Despite  the  fact  that  these  calculations 
correlate  well  with  calculations  for  spheroidal  models  at 
frequencies  below  resonance  [19).  it  appears  that  the  dif¬ 
ferences  in  shapes  between  flic  model  and  the  actual  hu¬ 
man  body  are  important  for  the  //-polarization  at  these 
frequencies.  Previous  measurements  of  the  SAR  of  human 
subjects  showed  the  differences  of  a  factor  from  2.7  to  3.9 
from  the  calculated  values  for  a  spheroidal  model  (in  that 
case  for  the  E-polarization)  [20).  Errors  in  the  average 
SAR  calculations  from  our  measured  data  cannot  be  ex¬ 
cluded.  but  do  not  appear  likely  to  be  greater  than  the 
estimated  25  percent,  as  the  procedure  was  verified  for 
lossy  dielectric  spheres  and  cylinders. 

The  whole-body  average  SAR  depends  on  the  antenna 
type  (Table  I).  and  for  the  same  antenna  type  is  nearly 
proportional  to  the  antenna  gain,  as  illustrated  for  the  di¬ 
pole  and  the  dipole  with  a  reflector  As  the  reflector  dou¬ 
bles  the  gam.  the  input  power  is  reduced  by  a  factor  of 
two.  However,  a  slot,  which  has  a  gain  of  4.9,  is  much  less 
efficient  in  depositing  the  energy  into  the  model  The  range 
of  the  input  power  given  in  Table  I  for  die  dipole  in  the  £- 
polarization  results  from  variations  in  the  vertical  place¬ 
ment  of  the  dipole.  Because  of  the  body  curvature  (e.g.. 
neck)  the  distance  between  the  antenna  surface  and  the 
body  varies,  even  though  the  antenna  axis  remains  at  a 
constant  distance  of  8  cm.  For  the  di]>o!e  with  a  reflector 
at  350  MHz.  practically  all  the  power  delivered  to  the  an¬ 
tenna  is  absorbed  in  the  model,  which  is  not  vuipnsing  in 
v  iew  of  the  good  matching  of  the  dipole,  small  distance 
from  ihe  model  (<Z/\  ~  0  09)  and  large  size  of  the  reflec¬ 
tor  This  configuration  can  be  considered  as  the  worst-case 
exposure  condition,  as  in  practical  situations,  e.g..  for 
poneble  transmitters,  the  antennas  are  designed  to  radiate 
power  out.  The  wave  polarization  does  not  seem  to  play  a 
very  significant  role  in  terms  of  the  equivalent  input  power 
in  the  near  field  lor  Ihe  exposure  vonditions  used  in  our 
experiments. 
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TABLE  [ 

The  lNM.iT  Power  to  the  Antenna  in  the  Near  Fiito  ion  the  Whole- 
Body  Average  SAR  Equal to  that  from  Exposlkf  to  a  Plane  Wave  at 
350  MHz  and  I  mW/cm:  (Shown  in  Brackets) 
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T»ir.  Inm'T  Pow  i  r  to  the  Anu.nna  in  the  Ni.xr  I'm  1 1)  i  ok  the  Whole- 
Body  Avfrage  SAR  Equal  to  that  i  rom  Exposure  to  a  Plane  Wave  at 
915  MHz  of  I  mW/cm1  (Shown  in  Brackets) 
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TABLE  III 

The  Input  to  the  Antenna  in  the  Nfak  Fikh  for  thf  Avfkat.rSAR  in 
tmf  Head  Equal  to  that  from  Exfoscki,  to  a  Pi  ani.  Wayf  of  I  mWAm* 
(Shown  in  Bk  meets) 


The  SAR  measured  by  u:-  in  the  head  at  350  MHz  and 
(he  ^-polarization  for  ihe  far-field  exposure  condilions 
(Table  111)  is  in  good  agreement  with  the  value  calculated 
lor  the  block  model  1 13].  In  the  near  field,  as  for  the  whole- 
body  average,  the  greater  the  antenna  gain,  for  a  given 
type  of  antenna.  Ihe  smaller  input  power  to  the  antenna 
results  in  the  same  SAR  as  I  mW/cnr  of  the  incident 
power  density  in  the  far  field.  It  can  also  be  noted  (Table 
III)  that  about  three  and  two  times  less  input  power  to  the 
antenna  than  for  the  whole-body  average  SAR  is  needed 
io  obtain  ihe  same  SAR  as  in  the  far  field  for  the  IT-polar- 
izalion  at  350  and  915  MHz.  respectively.  For  the  dipole 
with  a  reflector  at  350  MHz  between  0.9  and  3.1  W  of 
input  power  deposit  the  same  average  SAR  in  the  head  a> 
I  mW/cnr  for  the  plane  wave. 


IV.  Spatial  Distribution  of  SAR 
Both  far-field  and  near-field  exposures  at  the  two  fre¬ 
quencies  investigated  produced  highly  nonuniform  spatial 
patterns  of  the  SAR's.  For  both  exposure  conditions,  the 
SAR  decreases  exponentially  in  Ihe  direction  of  the  wave 
propagation  for  the  body  parts  whose  radii  of  curvature 
arc  comparable  to  the  wavelength,  i.e.,  in  the  torso  at  350 
MHz  and  in  all  major  body  pans  at  915  MHz.  Further¬ 
more.  the  attenuation  coefficient  is  equal  to  that  of  a  wave 
propagalion  in  a  scmiinfmitc  half-space  having  the  same 
dielectric  properties  as  the  model  of  the  human  body. 

Table  IV  shows  the  input  power  for  various  antennas  in 
the  near  field  that  results  in  the  same  maximum  SAR  at 
the  body  surface  as  for  pljnc  waves  of  I  mW/cnr  at  350 
and  915  MHz.  it  is  evident  that  the  SAR  at  the  surface 
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TABLE  IV 

The  Input  to  the  Antenna  in  the  Near  Field  for  the  SAR  on  the  Body 
Surface  Equal  to  that  from  Exposure  to  a  Plane  Wan  e  op,!  mW/ctr 
(Shown  in  Brackets) 
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can  be  as  high  ts  that  for  an  incident  power  of  1  mW/cm2 
(in  the  far  Held)  for  an  input  power  to  the  antennas  of  order 
of  0.1  to  0.2  W.  if  the  antennas  are  placed  close  to  the 
body. 

The  spatial  distribution  of  the  SAR  in  the  whole  body  is 
illustrated  in  Figs.  1-6.  The  experimental  results  are  pre¬ 
sented  in  three  different  ways:  first,  as  local  SAR  values 
measured  at  locations  shown  in  the  midsection  of  the  body 
(Figs.  I  and  2),  second,  as  the  averages  of  the  local  values 
along  the  direction  of  wave  propagation  between  the  body 
surfaces  in  a  volume  corresponding  to  the  diameter  of  the 
measuring  probe,  i.e..  0.9  cm  (Figs.  3  and  4),  and  third, 
as  the  averages  of  the  local  values  measured  in  various 
body  cross  sections  perpendicular  to  the  long  body  axis 
(Figs.  3  and  6). 

Figs.  I  and  2  show  local  values  of  the  SAR  in  the  body 
mklseclion  at  913  MHz  for  the  £-  and  the  //-polarization, 
respectively.  Exposures  in  the  near  field  result  in  very  lit¬ 
tle  energy  deposition  in  the  lower  torso  and  the  legs,  which 
is  understandable  in  view  of  the  location  of  the  antennas 
in  the  upper  torso  region.  In  the  f-polariralion  the  maxi¬ 
mum  SAR's  tor  the  far-  and  the  near-llckl  exposures  arc 
at  the  same  site  (Fig.l).  but  not  so  for  the  //-polarization, 
for  which  the  maximum  in  the  near  field  if  on  the  antenna 
axis  (Fig.  2). 

Figs.  3  and  4  show  the  far-  and  near-Held  data  at  330 
MHz  for  the  E-  and  //-polarizations,  respectively.  The 
SAR  values  are  averaged  along  the  direction  of  the  wave 
propagation  between  the  body  surfaces  in  a  volume  cor¬ 
responding  to  the  measuring  probe  diameter  (0.9  cm). 
Some  energy  is  deposited  in  the  lower  torso  and  the  legs 
in  the  near  field,  but  relatively  little  as  compared  to  the  far 
field.  One  interesting  and  important  feature  can  be  seen 
in  Fig.  3.  namely  that  the  maximum  SAR  occurs  in  the 
neck  for  both  the  far  and  the  near  Held  for  the  E  polari¬ 
zation.  This  is  in  marked  contrast  with  other  polarizations 
and  at  frequency  of  915  MHz,  where  the  maximum  SAR 
occurs  at  the  antenna  axis  tor  the  near-field  exposures. 

Fig.  5  shows  the  SAR  averaged  ovet  the  tissue  cross 
sections  petpendicular  to  the  long  body  axis  at  350  MHz 
for  two  polarizations.  The  shift  of  the  SAR  maximum  from 
the  dipole  axis  to  the  same  position  as  for  the  far  field  is 
clearly  visible  for  the  dipole  in  the  near  field  and  the  E- 
polarization  even  when  SAR  values  are  averaged  over  body 


at  1.3  13.0  100.3  toon 
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Fig  I.  TV  Npcviiie  absorption  rate  (SAR)  (Jooal  values >  Along  the  A~A 
sms  (solid  lino)  and  (dished  lines),  located  in  the  bods  mid- 

section,  i'-polawaiion./  •  915  MHz.  (a)  The  far- field  exposure  and  <b) 
the  near  held  exposure  to  a  resonant  dipole  with  a  reflector. 

cross  sections.  Similarly  as  with  the  local  SAR’s,  the  con¬ 
centration  of  the  energy  deposited  in  the  vicinity  of  the 
antenna  in  the  near  field  is  evident. 
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A  comparison  at  915  MHz  for  the  £-polirizalion  n  given 
in  Fig.  6.  Here  the  localized  SAR  pattern  in  the  near  field 
is  even  more  pronounced.  The  maximum  SAR  for  the  near- 
Held  exposure  is  near  the  antenna  axis. 

An  interesting  comparison  between  the  near-  and  Ihe 
fur-field  exposures  is  provided  in  Fig.7  which  shows  the 
spatial  distribution  of  the  SAR  in  the  neck.  The  local  val¬ 
ues  in  the  midsection  are  shown.  In  the  far  field  the  max¬ 
imum  local  SAR  occurs  close  to  the  center  of  the  neck. 
However,  in  the  near  field  the  maximum  SAR  (above  500 
mW/kg-W)  is  at  the  neck  surface  upon  which  the  wave  is 
incident,  and  only  a  small  increase  in  the  SAR  (SAR  “ 
55  mW/kg-W)  occurs  in  the  neck  center.  The  result  ob¬ 
tained  in  the  far  field  is  in  agreement  with  the  experimen¬ 
tal  data  at  450  MHz  obtained  using  ihe  thermographic 
technique  1 2 1 1 

V  Conclusions 

Experimentally  obtained  data  on  the  rales  of  energy 
deposition  in  a  model  ot  the  human  body  exposed  to  RF 
fields  at  550  and  415  MHz  have  been  compared  for  near- 
and  Ihe  far-field  exposures.  Comparisons  have  been  made 
in  terms  of  the  output  power  of  the  antenna  in  the  near 
Held  required  to  obtain  the  same  average  SAR's  tor  the 
whole  body  and  body  pans  as  when  exposed  to  a  plane 
wave  of  1  mW/cm;  in  the  far  field.  Spatial  distributions  ot 
the  SAR  have  also  been  compared. 

The  antenna  output  powers  for  a  given  whole-body  and 
body- parts  average  SAR's  depend  on  the  antenna  type  (di¬ 
pole  versus  slot),  antenna  gain,  antenna  distance  from  the 
body  surface,  and  to  a  lesser  degree,  on  the  antenna  lo¬ 
cation  with  respect  to  the  body  and  the  wave  polarization. 

At  the  two  frequencies  investigated,  350  and  915  MHz, 
the  SAR  decreases  exponentially  in  the  direction  of  wave 
propagation  in  all  body  parts  whose  radii  of  curvature  are 
comparable  to  the  wavelength.  In  some  typical  configura¬ 
tions  relatively  little  input  power  to  the  antenna  in  the  near 
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Fig  6  The  \peuhc  ohMsrptHW  rate  (SAR)  Averaged  over  fiwuc  Lycrv  pet- 
pendicuUr  u>  the  body  axis,  t  pnUnutuM,/  -  913  MHi.  mjIkJ  line  far- 
held  expoure.  davhed  I  in,'  near-held  exposure  to  a  dipole  with  a  reflec¬ 
tor,  5  cm  lomi  ihe  body  Mirlacc  137  cm  Irom  the  leec  ba*e 


field  is  needed  (only  0.3  W).  10  obtain  the  same  surface  as 
for  a  plane  wave  of  I  mW/em:  in  ihe  far  field 

The  spatial  distributions  of  the  SAR  resulting  from  Ihe 
near  field  and  ihe  far  field  are  very  similar  m  the  vicinity 
of  the  antenna  (for  the  near-field  exposure).  Predictably, 
in  the  near- field  (here  is  relatively  little  energy  deposition 
in  Ihe  regions  made  from  ihe  antenna. 

The  internally  located  maxima  of  the  SAR  for  our  model 
are  usually  somewhat  lower  for  (he  near-field  exposures 
than  for  the  far-field  exposures  resulting  in  the  same  whole- 
body  average  SAR. 

The  comparison  data  presented  can  also  be  analyzed 
from  the  standard  setting  point  of  view  and  in  evaluating 
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Fig.  7.  The  specific  absorption  rate  (SARI.  local  value*  in  ihc  midsevtion 
of  ihc  neck  along  a  line  perpendicular  lo  the  body  axis,  350  MHz, 
^-polarization;  «iIhI  line:  far- held  capture  ISAR  scale  in  mW/lg-mW 
in  cm  ‘ dashed  line:  near  field  exposure  to  a  dipole  8  cm  from  the  body 
surface.  137  cm  from  the  feet  base  (SAR  scale  in  mW/kg-  W), 


potential  hazards  of  exposure  to  portable  transmitters.  For 
instance,  if  the  far-fieM  exposure  limits  of  1.2  and  3.0  mW / 
enr  at  330  and  913.  respectively,  are  considered  13],  typ¬ 
ically.  6  and  24  W  of  the  power  to  the  antenna  (a  dipole) 
will  produce  the  same  whole-body  average  SAR's  with  the 
antenna  about  5-8  cm  from  the  body  surface.  Greater  out¬ 
put  powers  of  the  antennas  in  the  near  field  would  be  re¬ 
quired  to  exceed  the  condition  of  0.4  W/kg  for  the  whole- 
body  average  SAR  [3].  However,  for  the  near-field  expo¬ 
sures  energy  is  deposited  at  a  greater  rate  in  the  head.  For 
a  dipole  in  the  near  field  at  350  MHz  the  output  power  of 
about  2  W  deposits  the  same  average  SAR  in  the  head  as 
exposure  to  1.2  mW/cm1  in  the  far  field.  About  8  W  of 
the  output  power  in  the  near  field  would  be  required  to 
exceed  the  average  of  0.4  W/kg  in  the  head. 

For  the  near-field  exposures  high  rates  of  energy  depo¬ 
sition  on  the  body  surface  occur.  For  instance,  at  350  MHz 
approximately  0.2$  W  of  the  output  power  from  the  dipole 
deposits  the  same  SAR  at  the  body  surface  as  a  plane  wave 
of  a  power  density  of  1.2  mW/cm!.  Furthermore,  the  rec¬ 
ommended  limit  for  the  spatial  peak  SAR  value  of  8 
W/kg  (3)  is  exceeded  for  a  dipole  at  350  MHz  at  a  distance 
of  8  cm  from  the  body  surface  for  an  output  power  of  less 
than  8  W. 

Resonant  dipoles  with  reflectors  can  be  considered  as 
the  worst-case  representation  of  many  practical  near-field 
radiators,  and  their  SAR  data  may  be  used  for  estimating 
potential  hazards  of  exposure  when  the  far-field  standard, 
e.g..  (3),  is  used  as  a  reference. 

The  results  reported  here  are  for  a  homogeneous  model 
of  the  human  body.  Considerable  differences  in  the  spatial 
distribution  of  the  SAR  are  to  be  expected  when  nonho- 
mogeneous  properties  of  the  bod)  tissue  are  included. 
Even  simple  body  tissue  layering  (shin-fat-muscle)  was 
show  n  to  increase  local  SAR's  under  some  conditions  [221. 
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The  spttul  Attribution  of  th<  bpcctrtc  abm*fptiofl  rate  tSARl  wai  featured  in  a  full-wale 
itakl  of  man  u*in$  implantable  ctolritf  IkU  probes.  The  model  wax  expowd  in  the  near- 
field  of  linear  ami  aperture  antenna*  at  350  MH/-  Eifect*  of  the  wave  p^aricioofl,  antenna 
position  and  antenna  gain  on  the  SAR  Attribution  ami  the  average  5AR  in  the  whole-body 
and  body  parti  art  reported. 
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INTRODUCTION 

The  avenge  scecific  absorptw..-  -tie  (SAR)  has  been  used  in  quantifying  biolog¬ 
ical  effects  of  radiofrequency  (RF)  fields  and  formulating  exposure  standards  [Cahill. 
1983;  ANSI.  1982].  Furthermore,  it  has  also  been  recognized  that  the  spatial  distri¬ 
bution  of  the  SAR  inside  an  exposed  animal  or  human  being  plays  an  essential  role  in 
resulting  biological  responses.  Considerable  amount  of  data  has  been  accumulated  on 
the  average  SAR  obtained  through  calculations  and  measurements,  particularly  in  the 
far-fieid  of  antennas  (Dumey,  1980;  Stuchly.  1983:  Stuchly  and  Stuchly.  I985[. 
However,  relatively  little  information  is  available  on  the  SAR  distribution  in  the  near- 
ficld  of  antennas,  even  though  such  exposures  are  common  in  practice  due  to  a 
widespread  use  of  portable  and  mobile  RF  transmitters. 

Theoretical  analysis  was  previously  performed  for  spheroidal  models  of  man 
exposed  in  the  niar-field  of  a  short  dipole  (Iskander  et  al.  1980).  a  small  loop 
(Lakhukia  ct  al,  1981),  and  a  small  aperture  (Lakhtakiaet  al.  1982).  The  limitations 
of  these  studies  in  terms  of  realistic  exposures  are  apparent  because  of  the  simplify 
model  and  electrically  small  antennas  used.  A  block  model  of  .a  man  exposed  in  the 
near  field  of  a  slot  antenna  [Chatterjee  et  al.  1980]  and  monopole  and  dipole  antennas 
[Spiegel  1982]  were  also  analyzed  numerically.  In  these  cases  the  SARs  were  calcu¬ 
lated  wi'h:..  relatively  large  tissue  volumes,  typically  300  cm5. 

An  alternative  approach,  which  is  also  most  likely  to  provide  accurate  dat3  on 
the  spatial  distribution  of  the  SAR,  employs  implantable  electric  field  probes  and  full- 
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scale  realistic  models  of  nun  (Atheyand  Cleveland.  1982].  Acquisition  ofinl'ormation 
on  the  spatial  distribution  of  the  SAR  in  such  models  is  greatly  facilitated  when  an 
automated  scanning  system  under  computer  control  is  used  (Stuchly  et  al.  I983b|. ' 

For  several  reasons,  the  implantable  probe  technique  was  selected  rather  than 
the  previously  developed  and  successfully  used  thermographic  technique  |Cuy.  1971: 
Guy  et  al.  1976].  One  of  the  main  limitations  of  the  thennographic  techniques  is  that 
high  intensities  of  the  exposure  field  are  required,  so  that  a  thermographic  scan  can 
be  taken  no  later  than  about  20  s  after  the  commencement  of  the  irradiation.  This 
difficulty  is  particularly  pronounced  for  near-field  exposures  and  for  full-scale  models. 
Furthermore,  the  probe  technique  with  advanced  electronic  circuitry  provided  a  wide 
dynamic  range  of  over  20  dB  and  an  excellent  spatial  resolution.  The  thermographic 
technique,  on  the  other  hand,  is  much  faster  and  provides  a  complete  picture  of  the 
SAR  distribution  in  a  selected  cross-section. 

In  this  paper,  we  present  data  on  the  spatial  distribution  of  the  SAR  in  a  full- 
scale  homogeneous  model  of  man  exposed  in  the  near-field  of  linear  and  aperture 
antennas  at  350  MH/.  The  frequency  of  350  MHz  was  selected  because  head 
resonance  at  this  frequency  has  been  previously  reported  (Hagmann  et  al.  I979|.  and 
because  portable  and  mobile  transmitters  are  operated  at  or  near  this  frequency.  The 
antennas  selected  are  typical  for  practical  exposure  situations,  i.e..  a  resonant  dipole 
and  a  resonant  dipole  with  reflector  as  representatives  of  linear  antennas  of  radio 
transmitters,  and  a  resonant  slot  with  a  reflector  os  a  representation  of  leaky  housings 
of  RF  generators. 

MATERIALS  AND  METHOOS 
Experimental  Syatam 

A  scanning  system  consisting  of  a  mechanical  structure  for  supporting  and 
positioning  of  an  electric  field  probe  and  a  computer  system  for  control  of  the 
experiment,  data  acquisition,  storage,  display  and  recording  is  described  in  detail 
elsewhere  [Stuchly  et  al.  1983b].  In  brief,  the  probe  can  be  positioned  at  any  selected 
location  within  a  volume  of  2  m  x  0.5  m  x  0.5  m  with  an  uncertainty  of  0.05  mm. 
The  scanning  system  with  the  probe  are  placed  in  an  anechoic  chamber  to  limit 
reflections  of  RF  energy.  The  probe  output  is  fed  directly  to  an  amplifier  which  is 
connected  through  an  optical  fiber  link  to  the  remaining  electronic  circuitry  outside 
the  chamber. 

To  measure  the  electric  field  intensity,  an  implantable  triaxial  probe  E.'T  979 
was  used.  The  probe  had  a  diameter  of  0.9  cm  and  a  sensitivity  in  the  tissue  phantom 
material  of  3  pV/V!/m\)  [Stuchly  et  al.  1984],  The  probe  was  calibrated  with  an 
estimated  uncertainty  of  ±  I  dB.  With  the  electronic  circuitry  utilized  it  was  possible 
to  measure  the  electric  fields  equivalent  to  SARs  greater  than  0.2  mW/kg  with  a 
signal-to-noise  ratio  of  5. 

Mode!  of  Min 

A  full-scale  model  of  an  anatomically  proportional  average  man  (1.75  m.  70 
kg)  was  constructed  from  low-density  Styrofoam  sheets  2.5-cm  thick,  which  were 
glued  together.  The  mold  was  positioned  horizontally  and  partly  open  in  the  torso 
area,  and  holes  ’arge  enough  for  inserting  the  probe  were  drilled  in  other  locations. 
The 'mold  was  filled  with  a  low-viscosity,  water-based  mixture  having  electrical 
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properties  of  the  overage  tissue  e.g.  equal  to  2/3  those  of  muscle.  At  350  MHz  the 
dielectric  constant  was  38,  and  the  conductivity  0.95  S/m. 

Antennas  and  Exposure  Conditions 

Two  linear  antennas  tested  were  a  resonant  (half-wavelength)  thin  dipole  and  a 
resonant  dipole  with  a  reflector.  The  lengths  of  the  dipoles  were  adjusted  to  ensure 
impedance  malehing  to  the  50-0  feeder,  while  the  model  of  man  was  placed  at  the 
test  position  close  to  the  antennas. 

A  resonant  slot  with  a  reflector  was  used  as  an  apenure  antenna.  Ail  the  antennas 
were  well  matched  (VSWR  <  1.2).  Dimensions  and  essential  electrical  parameters 
of  the  antennas  are  summarized  in  Table  I. 

The  antennas  were  placed  8  cm  from  the  model  surface  at  various  locations 
close  to  the  head  and  the  torso  for  the  two  polarizations  investigated,  i.e..  the  E 
polarization  (the  electric  field  parallel  to  the  vertical  body  axis)  and  the  H  polarization. 
The  distance  of  8  cm  seems  to  be  realistic  for  typical  practical  situations  of  portable 
backpack  radio  sets  and  hand-held  pottable  radios.  For  k  polarization,  the  dipoles 
were  placed  on  the  axis  of  the  body  14  cm  from  the  head,  in  which  case  the  wave 
propagated  from  head-to-toes.  For  convenience,  the  model  was  positioned  horizon¬ 
tally  with  the  antenna  placed  underneath  (for  E  &  H  polarizations)  (Stuchly.  1983b). 
see  Fig.  I. 

To  characterize  the  exposure  conditions,  the  electric  field  was  measured  on  the 
dipole  axis  in  the  absence  of  the  model.  Figure  2  illustrates  the  square  of  the  total 
electric  flcld  vs  distance  from  the  antenna.  The  model  was  placed  at  a  distance  of  7.6 
cm.  corresponding  to  0.09  of  the  wavelength  in  free  space.  Even  though  this  could 
be  considered  as  the  near-field,  it  is  clear  that  the  contribution  of  the  electric  field 
components,  other  than  those  whose  amplitudes  decay  inversely  proportionally  with 
the  distance  from  (he  antenna,  was  very  small. 

Calculation  ot  the  Avaraga  SAR 

A  curve-fitting  method  has  been  developed  to  facilitate  calculations  of  the. 
average  SAR  for  the  whole-body  and  its  parts  from  the  acquired  values  of  the  local 
SARs.  The  electric-field  probe  could  not  be  positioned  very  close  to  the  bottom  wall 
of  the  model  (the  probe  was  introduced  to  the  model  from  the  top  and  normally  was 
scanned  down  in  the  direction  of  the  antenna  to  a  distance  of  approximately  2  cm 
from  the  bottom  wall  of  the  model).  Since  the  model  was  irradiated  from  the  bottom 
and,  in  many  locations,  the  SAR  decreases  with’the  distance  along  the  direction  of 
propagation,  it  was  essential  to  include  the  SAR  values  in  the  volume  adjacent  to  the 
bottom  wall  in  the  calculations  of  the  average  SAR.  To  accomplish  this  task,  the 


TABLE  1.  Parameters  o t  the  Test  Antennas 


Amelina  type 

Resonant 

dipole 

Resonant  dipole 
with  a  reflector 

*  Slot  with  a 
reflector 

Length  (cm) 

37 

37 

42.5 

Lengih/waic  length 

0.43 

0.43 

0,50 

Diameter  (cm) 

063 

0.63 

— 

Width  (cm) 

— 

— 

1.6 

Reflector  distance  (cm) 

— 

13.0 

18.0 

Gain 

1.64 

3.28 

4  87 

Fie.  I.  General  view  of  ibe  experimental  >>  >tcm  in  the  anechoic  slumber:  (a)  anechoic  chamber.  (b> 
antenna  with  a  reflector,  <c)  model  of  the  human  body.  (d>  elect  He  tWW  probe.  <c>  mechanical  canning 
system. 


Fie.  2.  The  square  of  the  electric  field  intensity  (E:)  at  350  MH/.  E  polarization  in  air  vs  distance 
from  the  dipole  (upper  curve)  and  E:  in  the  model  placed  in  the  near-  and  far-ficld  {to*er  curves).  Points 
are  experimental  and  dashed  lines  represent  extrapolated  values. 
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experiment.!]  data  were  extrapolated  into  that  volume  by  a  least-square  curve  tilting. 
In  the  majority  ot  eaves,  e.g.  in  the  torso,  the  SAR  follows  an  exponential  function 
along  the  direction  of  xxaxe  propagation.  Therefore,  an  exponential  function  was  fitted 
to  the  data  points,  and  the  SARs  in  the  volume  close  to  the  model  wall  were  calculated. 
Where  the  SAR  changed  in  a  lew  regular  fashion,  e.g..  in  the  head  or  legs,  other 
functions  such  as  polynomials  were  fitted  to  the  data.  The  extrapolated  values  of  the 
SAR  were  used  together  with  the  experimentally  obtained  values  for  calculations  of 
the  averages. 

To  calculate  the  average  SARs.  the  average  SARs  in  twenty  body  cross-sections 
were  calculated  by  using  the  extrapolated  data.  The  cross-sections  were  perpendicular 
to  the  main  body  axis.  Seven  cross-sections  were, located  in  the  head  and  neck,  six  in 
the  torso  and  seven  in  the  legs:  the  positions  of  the  cross-sections  correspond  to  the 
points  shown  in  Figure  J.  The  distances  between  the  cross-sections  were  from  4  cm 
in  the  head  to  10  cm  in  the  legs,  For  each  of  the  cross-sections  the  SAR  data  were 
acquired  along  three  to  seven  axes  spaced  about  5  cm  apart,  and  along  each  of  the 
axes  the  SAR  values  (either  measured  or  extrapolated  close  to  the  body  surface)  were 
spaced  I  cm  apart.  It  is  evident  that  the  calculation  of  the  average  SARs  was  more 
accurate  for  the  head  than  for  the  legs.  To  evaluate  the  uncertainties  involved  in  the 
averaging,  the  average  SAR  was  calculated  for  a  16-cm  diameter  dielectric  sphere 
and  compared  with  the  calculated  value.  Three  cross-sections  and  three  axes  within 
each  cross-section  were  used.  The  estimated  uncertainty  for  the  calculations  of  the 
average  SARs  is  about  ±  255.  even  thoug."  much  better  agreement  was  obtained  for 
the  sphere. 

To  calculate  the  whole-body  average  SAR  the  commonly  used  “rule  of  nines" 
(Ricci.  1967)  was  applied,  i.e..  the  contributions  by  weight  of  the  various  pans  of  the 


Fig.  3.  Resonant  dipole  NMth  a  reflector.  The  distribution  of  the  \pecitle  absorption  rate  (SARi  m  three 
cro4S-&eaion\  of  the  body;  frequency  ■  350  MHa  polarization  »  E  ( {  L.  poster  to  the  an« 
tenna  ■  I W.  and  dipole  at  x  ■  137  cm  from  the  ba(J  (feet). 
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human  body  were  as  follows:  head  and  neck.  0.09:  upper  torso,  0.18:  lower  torso. 
0.18;  arms  2  x  0.09:  upper  legs.  2  x  0.09:  lower  legs  2  x  0.09.  The  average  SARs 
were  calculated  for  each  body  pan.  then  multiplied  by  the  weighing  factors  and 
summed  to  obtain  the  whole-body  average. 

RESULTS 

The  electric  field  intensity  was  measured,  and  the  SAR  was  calculated  in  over 
650  locations  within  a  half  of  the  model  for  9  antenna  locations  and  various  polarisa¬ 
tions.  Each  complete  scan  was  repeated  at  least  three  times  by  using  different  input 
powers  to  the  antenna,  or  on  different  days.  All  the  results  shown  arc  averages',  the 
repeatability  of  the  data  was  well  within  ±  0.5  dB. 

A  typical  distribution  of  SAR  in  three  cross-sections  of  the  body  is  shown  in 
Figure  3  for  the  resonant  dipole  with  a  reflector  placed  8  cm  from  the  back  of  the 
model  and  137  cm  from  the  base  of  the  feet. 

Variations  of  the  SAR  along  the  direction  of  the  wave  propagation  on  the 
antenna  axis  when  the  antenna  was  positioned  close  to  the  torso,  in  the  E  polarization, 
are  illustrated  in  Figure  4.  The  same  data  for  other  antenna  configurations  are 
summarized  in  Table  2. 

Figures  5  to  10  show  the  spatial  distribution  of  the  SAR  along  the  two  body- 
axes.  where  the  SAR  is  averaged  over  cylinders  perpendicular  tit  the  points  shown  on 
the  graphs,  contained  between  the  body  surfaces  and  hav  ing  a  diameter  of  0.9  cm  (the 
probe  diameter).  In  essence,  each  point  represents  the  area-under  the  corresponding 


0.0  4.0  8.0  12.0  16.0  % 

Position  along  z-axit  CcbJ 

Fif.  4.  Resonant  dipole.  The*spectfic  absorption  rate  (SAR  in  the  torso  at  the  dipole  axis  vs  distance 
from  the  body  surface  at  which  the  wave  is  incident;  frequency'  ■  350  MH/.  polarization  *  E  j  |  L, 
power  to  the  antenna  *  I  W,  dipole  at  x  *  137  cm  from  the  base  (feet). 
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TABLE  2.  Maximum  and  Mean  SAR  Along  the  Directum  of  Propagation,  \\  hole- Body  Average 
SAR,  and  Attenuation  Coefficient  (B)  for  Antennas  in  the  Near-Field 


Antenna 

Polari¬ 

zation 

X* 

(cm) 

$AR(mW/kg) 

Max'*  Mean 

WB 

8  ±  3  SD 

Resonant 

dipole 

E 

103 

1090  ±  86 

100 

8.1 

-  0.567  ±  0.011 

E 

137 

494  ±  32.5 

50 

63 

-  0.464  ±  0009 

H 

137 

1053  t  193 

96 

6.4 

-  0.515  t  0  027 

Resonant 
dipole  with 
a  reflector 

E 

137 

1291  t  330 

139 

14  3 

-  0.464  ±  0.012 

H 

137 

2632  ±  516 

247 

13.2 

-  0.503  *  0.024 

Slot  with  a 
reflector 

E 

87 

205  ±  54 

21.5 

6.7 

-  0.45  ±  0.03 

•The  distance  of  the  antenna  axis  from  the  model  (base)  feet. 

*This- maximum  does  not  necessarily  correspond  to  the  absolute  maximum  anywhere  along  the  body 
axis,  but  represents  the  maximum  at  the  x  position  indicated  in  the  table. 

CWB  Avg.  *  whole-body  average. 


Ft'g.  5.  Resonant  dipole.  The  mean  values  (avenged  over  0.9  cm  DIA  cylinders  perpendicular  to  the 
body  axis)  of  the  specific  absorption  rate  (SAR)  in  a  number  of  locations  along  the  selected  axis: 
frequency  *  350  MHz,  polarization  *  E  1 1  L,  power  to  the  antenna  m  I  W,  dipole  at  x  ■  156.5  cm 
from  the  base  (feet). 
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Fig-  6.  Rttonam  diplc.  The  mean  'allies  JjySJ'jf  «£«»)  asl« 

*  wjl'  ’  iiUm,Nm 

the  be*  (feet). 


Fig.  7.  Resonant  dipole.  The  mean  values  jaw^  ®^,v“ •’J^ol^tta^ihe  selcutnl  a«s; 

» ** — -  > w-  **  - 1  ■ 105  tm 

from  ihc  base  (feel). 


Fig.  8.  Resonant  dipole,  The  local  sjIuo  of  the  >pccilie  absorption  rate  (SARt  a  tong  the  selected  body 
a*i»;  frequency  -  JJil  MH/.  polarization  -  k  )  i  L.  power  to  the  antenna  »  I  W.  the  dipole  |4  cm 
from  the  head. 


SAR 

Fig.  9.  Resonant  dipole  with  a  reflector.  The  local  \alucc  of  the  specific  absorption  rate  tSAR)  along 
the  selected  bod)  atu.  frequency  ",  .'50  MH/.  polarization  ■  k  \  f  L.  power  to  the  antenna  ■  l  W. 
the  dipole  14  ent  trom  the  head. 
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Fi|.  10.  Resown  slot.  The  mart  values  (averaged  over  0.9  cm  DIA  cylinders  perpendicular  to  the 
body  axial  of  me  specific  absorption  rate  iSARl  in  a  number  ol'  loca.ions  along  the  selected  avis; 
frequency  »  350  MHz.  polariution  «  E  |  j  L.  power  to  the  antenna  »  I  W.  slot  an  »  85  cm  from 
the  bate  (feet). 

curve,  similar  lo  that  shown  in  Figure  4.  divided  by  the  distance  between  the  body 
surfaces.  For  instance,  the  point  on  curve  A-A  in  Fig.  6  for  the  height  of  137  cm  was 
actually  calculated  from  the  data  shown  in  Figure  4. 

The  distribution  of  the  SAR  averaged  over  horizontal  tissue  layers  along  the 
body  Vertical  axis  is  shown  in  Figure  10  for  the  resonant  dipole  and  the  dipole  with  a 
reflector,  both  in  the  E  polarization.  The  same  distribution  for  the  dipole  with  a 
.reflector  for  the  H  polarization  is  shown  in  Figure  11. 

The  average  whole-body  SAR  and  those  for  the  pare  are  summarized  in  Table 
3  for  all  cases  tested,  except  for  the  k  polarization. 

DISCUSSION 

The  spatial  distribution  of  the  SAR  in  body  cross-sections  is  highly  non-uniform 
for  all  antennas  and  their  locations,  as  illustrated'in  Figure  3  for  one  of  the  cases 
tested.  This  is  characteristic  for  all  tested  situations. 

For  all  nine  antenna  configurations  tested,  the  SAR  decreased  exponentially 
along  the  direction  of  the  wave  propagation  within  the  first  10  cm  or  more,  as  shown 
in  Figure  4.  In  some  cases  small  deviations  from  the  exponential  behaviour  of  the 
SAR  were  observed  at  greater  depths,  particularly  in  the  neck  and  the  limbs,  but  their 
magnitude  was  at  least  50  times  below  the  maximum  SAR  on  the  irradiated  body 
surface.  This  behaviour  is  analogous  to  the  behaviour  of  the  SAR  distribution  for  the 
far-field  exposures  at  350  MHz  IKraszewski  et  al,  1984|.  The  attenuation  coefficients 
(B),  for  various  antenna  configurations  are  very  close  to  each  other,  as  illustrated  in 
Table  2,  and  very  close  to  the  theoretical  value  B  =*  -0.49,  as  calculated  for  a  plane 
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wave  of  the  Mime  frequency  incident  upon  a  semi-infinite  tissue  laser  having  the 
electrical  properties  of  the  average  tissue.  The  observed  exponential  decay  of  the 
SAR  with  distance  is  not  surprising  in  view  of  the  changes  of  the  incident  electric 
field  with  distance.  The  incident  electric  Held,  as  shown  in  Figure  2.  varies  nearly 
inversely  proportionally  with  distance  at  the  location  of  the  model. 

Because  of  the  exponential  decay  of  the  SAR  with  distance  l  Fig.  4).  the  mean 
values  of  the  SAR  distributions  can  be  easily  evaluated.  Several  features  of  the  energy 
deposition  in  the  body  can  be  observed.  The  highest  SARs  were  close  to.  but  not 
always  on.  the  axis  of  the  antenna.  When  the  antenna  was  positioned  close  to  the 
head-neck  region  and  for  the  E  polarization,  the  maximum  SAR  shifted  off  the  dipole 
axis  towards  the  head,  as  illustrated  in  Figures  5  and  6.  This  feature  was  characteristic 
for  both  dipoles,  the  resonant  dipole  and  the  resonant  dipole  above  with  a  reflector. 
However,  for  the  H  and  k-polarizations  (Figures  8  and  9).  the  maximum  SAR  was  on 
the  axis  of  the  dipole.  The  same  holds  when  a  dipole  radiating  with  the  E-polarization 
or  a  slot  were  placed  close  to  the  lower  torso  (Figures  7  and  10). 

The  maximum  mean  values  of  the  SAR  were  about  100  mW/kg  per  I  W  of 
input  power  for  the  resonant  dipole  with  both  the  E  and  H  polarizations  (Figs.  5-7. 
Table  2).  but  only  about  20  mW/kg  for  the  slot  (Fig.  10.  Table  2). 

The  maximum  mean  SAR  value  for  the  k  polarization  was  at  the  top  of  the 
head,  i.e..  at  the  irradiated  surface  for  both  dipoles  tested  (Figs.  8  and  9).  However, 
in  the  neck  area  there  was  a  small  increase  in  the  SAR.  approx.  5  mW/kg  for  the 
resonant  dipole  (Fig.  8),  and  approx.  10  mW/kg  for  the  resonant  dipole  with  a 
reflector. 

The  slot  created  a  broader  SAR  maximum  in  both  directions  (only  one  direction 
is  illustrated  in  Fig.  10).  It  can  also  be  observed  that  for  the  dipoles,  and  to  a  lesser 
degree  for  the  slot,  changes  in  the  mean  SAR  along  the  vertical  body  axis  were  quite 
rapid,  typically  more  than  an  order  of  magnitude  within  10  cm. 

The  general  shape  of  the  SAR  distribution  along  the  vertical  body  axis  was 
preserved  for  all  antennas  when  the  SAR  was  averaged  over  horizontal  body  layers, 
as  shown  in  Figure  1 1  and  12.  Once  again,  it  should  be  noted  that  in  a  similar  manner 
as  for  the  local  SAR  distributions  and  those  averaged  over  the  cylinders  (Figs.  5-10). 
the  SAR  maximum  was  on  the  dipole  axis  (Fig.  12).  except  when  the  dipole  was 
located  close  to  the  head-neck  area. 

For  linear  antennas,  the  maximum  SAR  averaged  over  the  tissue  layers  was 
very  close  for  the  two  polarizations  (E  and  H),  with  slightly  greater  values  ( -  1555- 
20%)  for  the  E  polarization.  This  point  is  illustrated  in  Figures  II  and  12  for  the 
dipole  above  with  a  reflector  located  137  cm  from  the  feet  base. 

For  linear  antennas,  an  increase  in  the  antenna  gain  was  nearly  proportionally 
refleeted  in  an  increase  as  the  local  and  average  SARs.  This  point  is  illustrated  in 
Figure  II  showing  the  SARs  averaged  over  tissue  layers  for  the  resonant  dipole  and 
the  same  dipole  with  a  reflector.  Further  illustration  is  given  in  Table  2.  for  instance, 
for  the  H  polarization  and  x  =  137  cm;  the  ratios  of  the  maximum,  mean,  and  whole 
body  averaged  SAR  for  the  two  dipoles  are  2.5, 2.6,  and  2. 1 .  respectively  vs  the  gain 
ratio  of  2  (Table  1). 

The  average  SAR  in  various  parts  of  the  body,  as  expected,  depends  on  the 
position  of  the  antenna  with  respect  to  the  body  and  to  a  certain  extent  on  polarization 
(Table  3).  Whenever  an  antenna  irradiating  the  body  with  E-polanzation  is  placed 
close  to  the  neck,  the  head-neck  SAR  is  significantly  increased,  but  this  increase  does 
not  occur  with  H-polarization. 
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Fif .  12,  Rcswuitt  Uipole  »iih  3  re flcvnof .  The  mean  values  of  the  specific  ahxirptkm  rate  tSARt  for 
horizontal  I's'iK  (avers  jkrng  the  vertical  hod)  avia:  frequence  ■  25C  MHz.  polunzalioir  •  H  t  (  l. 
power  to  the  antenna  »  I  W,  dipole  at  a  «  137  cm  from  the  hove  fleet). 

The  whole-body  average  SAR  (Table  3)  is  mainly  determined  by  the  antenna 
gain  and.  to  a  much  lesser  degree,  by  the  antenna  location.  The  dependence  on  the 
antenna  location  basically  reflects  the  dependence  on  the  average  distance  to  the  body 
surface.  It  should  be  noted  that  the  antenna  axis  was  always  8  cm  from  the  body 
surface,  but  because  of  the  body  curvature,  the  distance  between  the  antenna  surface 
and  body  surface  varied  for  different  antenna  positions  and  polarizations. 

One  question  related  to  the  near-field  exposure  is  worth  addressing.  According 
to  the  ANSI  recommendations  (ANSI.  I982|,  the  upper  limits  for  near  field  exposures 
are  an  average  SAR  (whole-body)  of  0.4  W/kg  and  a  spatial  peak  SAR  of  8  W/kg  as 
averaged  over  1  g  of  tissue.  At  a  frequency  of  350  MHz.  the  output  power  of  a 
portable  transmitter  has  to  exceed  2}  W  for  the  average  SAR  to  be  above  the  limit 
for  practical  distances  of  7  to  10  cm  for  the  antenna  separation  from  the  body  surface. 
However,  only  about  4  W  appear  to  be  sufficient  for  exceeding  the  spatial  peak  SAR. 
which  occurs  at  the  body  surface.  Whether  the  limit  on  the  spatial  peak  SAR  should 
apply  when  the  peak  SAR  is  on  the  body  surface  is  a  separate  question. 

CONCLUSIONS 

The  spatial  distribution  of  the  SAR  in  a  full-scale  homogeneous  model  of  man 
at  350  MHz  with  three  polarizations  of  the  incident  wave  has  been  rrtosured  and 
analyzed  for  three  antennas  in  the  near-field.  The  whole-body  average,  the  partial 
body,  and  selected  volume  SARs  have  been  calculated.  The  antennas  selected  repre¬ 
sent  typical  practical  situations,  such  as  portable  transmitters  and  leaky  RF  transmitter 
cabinets  or  similar  hardware.  For  near-field  exposure  the  following  conclusions  can 
be  drawn: 
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(i)  The  spatial  distribution  of  the  SAR  is  highly  nonuniform  for  all  polariza¬ 
tions;  the  nonuniformity  occurs  along  all  directions  within  the  body. 
Typical  ratios  between  the  spatial  peak  and  the  whole-body  average  SAR 
arc  ISO  to  200  for  the  linear  antennas,  and  20  for  the  slot. 

(ii)  At  3S0  MH/.-and  probably  at  all  higher  frequencies  tor  all  antennas  and 
polarizations,  the  SAR  increases  exponentially  with  distance  from  the 
surface  upon  which  the  wave  is  incident,  at  least  within  10  cm.  By  that 
distance,  the  wave  is  attenuated  about  IS  dB.  This  finding  is  consistent 
with  a  previous  repon  for  a  hand-held  transmitter  at  806-821  MHz. 
operating  in  thp  E-polarization  |Athey  and  Cleveland.  I982j.  The  atten¬ 
uation  coefficient  is  very  close  to  that  of  a  plane  wave  incident  upon  a 
semi-infinite  tissue  layer.  Therefore,  a  simplified  analysis  can  be  used  to 
determine  the  relative  SAR  distribution  in  a  multilayered  tissue  structure. 
The  absolute  values  of  the  SAR  can  only  be  found  through  a  more  complex 
analysis  of  measurement  since  they  depend  on  the  antenna  type,  polariza¬ 
tion.  and  distance  from  the  body. 

(iii)  For  the  E-polarization,  the  maximum  absorption  is  shifted,  from  the  axis 
of  the  antenna  towards  the  neck  region  for  antenna  locations  in  the  nearby 
region. 

(iv)  The  relative  spatial  distribution  of  the  SAR  depends  mainly  on  the  antenna 
position  and  polarization,  but  the  whole-body  average  SAR  is  basically 
determined  by  the  antenna  gain  and  distance  from  the  body.  The  antenna 
type  (e.g.  dipole  vs  slot)  affects  both  the  whole-body  average  and  the 
distribution  of  the  SAR. 

(v)  The  non-uniformity  of  the  SAR  distribution  in  the  near-field  implies  that 
exposure  to  some  portable  radio  RF  transmitters  can  result  in  the  peak 
SAR  (averaged  over  I  g  of  tissue)  exceeding  the  recommended  limit  of  8 
W/kg  (ANSI.  1982).  white  the  whole-body  average  SAR  remains  well 
within  the  limit  of  0.4  W/kg.  For  instance,  for  a  resonant  dipole  with  a 
reflector  and  H-polarization.  an  output  power  from  the  antenna  of  3.1  W 
is  sufficient  to  deposit  the  energy  at  the  surface  at  a  rate  of  8  W/kg.  while 
for  a  whole-body  avenge  of  0.4  W/kg,  an  output  power  of  30  W  is 
required. 
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RESUME  : 


La  distribution  spatiale  du  champ  electrique  ou  le  taux  de 
repartition  de  l'6nergie  (deflni  par  le  taux  d'absorption  specifique 
TAS)  qui  resulte  de  1 'exposition  du  corps  humain  au  rayonnement  emis  a 
partir  d'applicateurs  radiofrequences  est  interessant  et  Important  dans 
le  cas  de  1 'hyper thermie  induite  61ectromagnetiquement  et  pour  ^valuer 
les  risques  potentiels  pour  la  sante  lies  &  des  expositions  involontai- 
res.  Un  dispositif  de  balayage  controle  par  ordinateur  ainsi  qu'une 
sonde  implantable  de  mesure  de  champ  eiectrique  ont  ete  utilises  pour 
determiner  la  repartition  du  TAS  dans  un  modile  du  corps  humain.  Les 
resultats  de  ces  mesures  effectuees  4  160,  350  et  915  MHz  4  l'aide  de 
dipoles  resonants  avec  reflrecteurs,  situis  4  une  distance  d 'environ 
A/10  de  la  surface  du  corps  humain,  sont  present6s. 


MOTS  CLES  I  HAUTES  FREQUENCES  -  ABSORPTION  -  HYPERTHERMIE  -  CHAMP 
PROCHE. 


ENERGY  DEPOSITION  IN  THE  HUMAN  BODY  FROM  RADIOFREQUENCY  RADIATORS  IN  THE 
NEAR-FIELD. 

ABSTRACT  s 


Spatial  distribution  of  the  electric  field  or  the  rate  of 
the  energy  deposition  (defined  as  SAR  -  specific  absorption  rate), 
resulting  from  exposure  of  the  human  body  to  radiofrequency  radiators  is 
of  interest  and  importance  in  electromagnetically  induced  hyperthermia 
and  in  assessment  of  potential  health  hazards  due  to  unwanted  (e.g. 
occupational)  exposures.  A  computer-controlled  scanning  system  and  an 
implantable  electric  field  probe  were  used  to  determine  distributions  of 
the  SAR  in  a  model  of  man.  The  results  of  measurements  performed  at  160, 
350  and  915  MHz  for  resonant  dipoles  with  reflectors  and  resonant 
slots  with  reflectors  placed  at  a  distance  of  approximately  one  tenth  of 
the  wavelength  from  the  body  surface  are  presented. 


KEY  WORDS  i  RADIOFREQUENCIES  -  ABSORPTION  -  HYPERTHERMIA  -  NEAR  FIELD. 
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ENERGY  DEPOSITION  IN  THE  HUMAN  80DY 
FROM  RADIOFREQUENCY  RADIATORS  IN 
THE  NEAR- FI  ELD  • 

M.A.  Stuchly (1 ) (2 ) ,  S.S.  Stuchly(2),  A.  Kraszewski (2) 
and  G.  Hartsgrove(2) 

(1)  Radiation  Protection  Bureat  ,  Health  and  Welfare  Canada 

(2)  Dept,  of  Electrical  Engineering,  University  of  Ottawa, 
Ottawa,  Ontario,  Canada,  KIN  6N5 

INTRODUCTION 


Spatial  distributions  of  the  electric  field  or  the  rates  of 
the  energy  deposition  resulting  from  exposure  of  biological  bodies  to 
radiofrequency  (RF)  radiators  in  the  near-field  have  been  of  interest 
and  the  subject  of  numerous  studies.  The  interest  stems  from  two 
important  applications.  One  is  in  RF  induced  hyperthermia  used  in 
cancer  treatment,  where  it  is  important  to  know  the  spatial, 
distribution  of  the  energy  deposited,  in  order  to  determine  and 
possibly  control  the  volume  of  the  tissue  that  is  heated.  The  other 
application  is  in  evaluating  the  rates  of  energy  deposition  resulting 
from  exposure  to  various  RF  sources  in  the  near-field  (e.g.  portable 
transmitters,  leaky  radiofrequency  equipment),  in  order  to  assess  and 
prevent  a  potential  health  hazard. 


The  quantity  frequently  used  in  describing  the  rates  of  RF 
energy  deposition  is  the  specific  absorption  rate  (SAR),  which  is 
defined  as  the  time  derivative  of  the  Incremental  energy  (dU)  absorbed 
by  an  incremental  mass  (dm)  contained  in  a  volume  element  (dV)  of  a 
given  density  ( p)  Cl 3: 
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(1) 


For  siru'jldally  time-varying  fields  the  SAR  is  related  to  the  electric 
field  strength  in  situ  as: 


SAR  =  fa  |E|« 


(2) 


where:  E  is  the  magnitude  (peak)  of  the  electric  field,  and  o  is  the 
conductivity  of  biological  material  (tissue). 


To  determine  spatial  distributions  of  the  SAR,  theoretical 
and  experimental  methods  are  employed.  Numerical  methods  used  to  find 
the  SAR  distribution  for  various  hyperthermia  applicators  have  recently 
been  reviewed  [23.  In  hyperthermia  investigations  the  evaluation  of 
the  SAR  distribution,  either  theoretical  or  experimental,  is  followed 
by  theoretical  and/or  experimental  evaluation  of  the  resulting 
temperature  distribution.  For  assessment  of  a  potential  health  hazard 
due  to  exposure  to  RF  energy  various  methods  of  analysis  have,  been 
developed  for  simplified  models.  Numerous  calculations  developed  for 
far-field  exposures  have  been  reviewed  elsewhere  [3, 4).  There  are 
numerous  theoretically  analyzed  exposures  in  the  near-field 
15,6,7,8,9],  however,  only  a  few  exposure  configurations  in  the 
near-field  of  fairly’ realistic  models,  such  as  a  "block  model"  of  man, 
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have  been  treated  [8,9] 


Experimental  techniques  serve  as  alternative  and  frequently 
complimentary  to  theoretical  methods  as  reviewed  in  [10].  These 
techniques,  at  least  at  the  present  time,  provide  more  detailed 
Information  about  the  spatial  distribution  of  the  SAR  than  the 
theoretical  calculations.  There  are  three  viable  techniques  for 
measuring  SAR  distributions.  .A  thermographic  technique  [11]  :an  be 
successfully  applied  for  both  the  evaluation  of  hyperthermia 
applicators  [12]  and  for  potentially  hazardous  exposures  [13 ].  The 
technique  is  fast  and  reliable;  its  main  advantage  is  that  a  complete 
thermal  picture  (or  the  SAR  profile)  can  be  obtained  for  any  selected 
cross-section  of  the  exposed  body.  The  main  limitation  of  this 
technique  is  that  high  power  sources  are  required,  unless  only  a  very 
limited  volume  is  to  be  heated.  Two  other  techniques  involve  use  of 
implantable  probes.  Either  temperature  probes  or  electric  field  probes 
can  be  used.  Both  types  of  probes  are  miniature  and  implantable,  and 
have  been  extensively  used  for  measurements  in  a  few  points  within  the 
volume  of  interest  [10].  Temperature  probes  are  particularly  widely 
used  in  hyperthermia  for  treatment  monitoring  and  control.  The  main 
limitation  of  the  probes  is  that  unless  a  special  scanning  system  is 
used,  information  about  the  -SAR  or  temperature  is  obtained  only  for  a 
few  locations. 

We  have  developed  and  evaluated  a  computer-controlled 
scanning  and  data  acquisition  system.  This  system  has  been  used  with 
implantable  electric  field  probes' to  determine  the  spatial  distribution 
of  the  SAR  in  models  of  the  whole  and  parts  of  the  human  body.  These 
models  have  been  exposed  in  the  near-field  of  two  types  of  radiators, 
namely  a  resonant  slot  and  a  resonant  dipole  with  a  reflector.  The 
experimental  method  and  the  results  obtained  at  three  frequencies  (160 
HHz,  350  HHz  and  915  MHz)  are  discussed  in  this  paper.  The  radiators 
investigated  are  of  interest  for  both  electromagnetically  induced 
hyperthermia  and  for  evaluation  of  unwanted  exposures.  For  instance,  a 
resonant  slot  may  serve  as  an  approximation  of  a  leaky  cabinet.  Short 
dipoles  (about  0.1  of  the  wavelength)  have  previously  been  proposed  as 
elements  of  an  efficient  hyperthermia  applicator  [14,15],  Resonant 
dipoles,  because  of  their  greater  efficiency  in  coupling  the  RF  energy 
into  tissue,  may  offer  a  better  solution. 

EXPERIMENTAL  SYSTEH 


The  experimental  system  consists  of  the  following  essential 
parts:  (a)  an  anechoic  chamber,  (b)  an  RF  radiation  system,  (c)  an 
appropriate  phantom  model  of  the  human  body  or  its  part,  (d)  an 
electric  field  probe,  (e)  a  mechanical  computer-controlled  scanning 
system,  (f)  an  electronic  system  interfacing  the  probe  with  the 
computer,  (g)  a  minicomputer.  A  general  description  of  our  earlier 
system  is  given  elsewhere  [16],  Significant  modifications  have  been 
introduced  since  then  and  are  described  here  for  the  first  time. 

Figure  1  shows  a  block  diagram  of  the  experimental  system. 
An  antenna  or  a  hyperthermia  applicator,  the  E-field  probe,  the  probe 
holders,  the  pre-amplifier  and  the  mechanical  frame  with  stepping 
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Figure  1  :  Block  diagram  of  the  experimental  system  for  mapping  the 
electric  field  in  models  of  a  human  body  or  its  parts. 


Figure  2  :  Radiofrequency  radiation  system. 


motors  are  placed  in  the  anechoic  chamber.  For  accurate  measurements  a 
limited  size  and  quality  (reflections  below  -20  dB)  chamber  is  required 
to  minimize  Interference  by  the  reflected  waves.  Although  measurements 
for  hyperthermia  applicators  and  other  near-field  radiators  are 
possible  without  an  anechoic  chamber,  the  accuracy  of  measurements  is 
usually  adversely  affected.  The  RF  radiation  system,  shown  in 
Figure  2,  comprises  a  signal  synthesizer  modulated  at  a  low  frequency 
(about  500  Hz),  a  digital  attenuator,  an  RF  power  amplifier,  a  power" 
meter  and  a  radiation  source  (an  antenna  or  a  hyperthermia  applicator). 


The  mechanical  structure,  the  drives  and  the  control  unit, 
and  their  operation  are  described  in  detail  elsewhere  [16].  Briefly, 
they  are  capable  under  the  computer  control  to  position  the  E-field 
probe  within  +0.05  mm  in  any  location  within  a  volume  of  190  x  50  x  45 
cm.  The  spee"3  is  0.42  mm/s  for  a  simple  motion  (a  single  coordinate 
changing  at  a  time),  and  12  mm/s  for  a  composite  motion  (two  or  three 
coordinates  changing  simultaneously). 


A  schematic  diagram  of  the  electronic  system  is  "Shown  in 
Figure  3.  This  system  provides  amplification  of  the  500  Hz  signals 
from  the  E-field  probe,  conditioning  of  the  signals,  and  transmission 
by  an  optical  fiber  link  to  an  A/D  converter.  The  amplitude  modulation 
of  the  RF  signal  is  employed  in  order  to  increase  the  dynamic  range  of 
measurements  of  the  SAR  (the  electric  field  strength  in  tissue).  The 
dynamic  range  depends  on  the  E-field  probes  linear  range  of  operation 
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and’ on  their  noise  level.  The  amplitude  modulation  at  about  500  Hz 
improves  the  signal-to-noise  ratio  by  about  10  dB  with  a  1  Hz  bandwidth 
of  the  amplifier  as  compared  to  the  operation  without  modulation  [17]. 

The  dynamic  range  of  measurements  of  the  SAR  exceeded  30  dB 
in  the  frequency  range  from  150  MHz  to  1  GHz. 


Figure  3  :  Schematic  diagram  of  the  electronic  system. 

Two  types  of  radiators  operating  in  the  neor-field  were 
investigated:  a  resonant  slot  and  a  resonant  dipole,  both  with 
reflectors.  Salient  characteristics  of  these  radiators  are  summarized 
in  Table  1.  One  of  the  most  important  features  of  these  radiators  is 
that  they  are  very  well  matched  to  the-  feeding  lines  when  a  phantom 
model  of  the  human  body  is  placed  In  front  of  them  at  distances  of 
about  0.1  of  the  wavelength.  The  voltage  standing  wave  ratio  (VSWR)  is 
less  than  1.6,  which  Is  equivalent  to  4  percent  of 'the  reflected 
power.  This  is  particularly  important  in  hyperthermia  applications. 

A  model  of  the  human  body  In  a  form  of  a  shell  was  made  of  a 
thin  (1.5  mm)  thermoplastic  material.  The  geometrical  shape  and  the 
dimensions  closely  approximated  an  anatomically  correct  average  man  of 
a  height  of  175  cm  and  a  weight  of  70  kg.  The  shell  was  filled  with  a 
semiliquid  material  having  electical  properties  equal  approximately  to 
those  of  "average  tissue",  i.e.  2/3  of  the  muscle  properties.  As 
electrical  properties  of  tissues  vary  with  frequency,  different 
mixtures  were  prepared  for  specific  frequencies  used  in  the 
investigations'  (160,  350  and  915  MHz).  The  electrical  properties  of 
the  tissue-equivalent  materials  used  are  summarized  in  Table  2  and  the 
attenuation  coefficient,  ■< ,  is  given.  Parts  of  the  plastic  shell  were 
removed  (on  some  “flat"  parts  of  the  torso)  or  holes  were  drilled  in 
the  shell  to  allow  the  E-field  probe  to  penetrate  into  the  interior  of 
the  model,  which  was  positioned  horizontally.  The  radiating  source  was 
placed  under  the  model,  while  the  probe  penetrated  vertically  from  the 
top  of  the  model. 

The  electric  field  strength  was  measured  with  an  implantable 
triaxial  field  probe,  consisting  of  three  short  dipoles,  each  loaded 


with  Schottxy  diodes  (£1T  probe,  model  979).  The  overall  diameter  of 
the  probe  was  9  mm.  The  probe  was  fully  characterized  and  calibrated 
as  described  in  [17],  and  iW  calibration  was  spot-checked  during  the 
course  of  experiments.  The  estimated  measurement  uncertainty  in  SARs 
was  +1  dB,  and  was  mostly  due  to  the  uncertainty  in  the  probe 
calibration  [17].  The  measurement  repeati bi  1  i ty  was  better  than  +0.5 
dB. 


Iibl*  I.  Chartcttfristics  of  the  r«di*iors 


Ublt  2.  Electric*!  properties  of 
tissue  phtrtoa  a*teri*ls 


RESULTS  AHO  DISCUSS  ION 

The  electric  field  strength  was  measured  and  the  SAR 
calculated  on  the  axis  of  the  radiators  in  the  tissue-equivalent 
material  at  three  frequencies  for  resonant  dipoles  and  slots  with 
reflectors.  The  designation  of  the  radiator  placement  with  respect  to 
the  model  of  man  is  shown  in  Figure  4,  while  Table  3  gives  the  radiator 
coordinates  at  the  frequencies  investigated.  The  radiators  were  placed 
in  the  plane  corresponding  to  the  body  vertical  axis,  and  were  oriented 
in  such  a  way  that  the  electric  field  vector  was  parallel  to  the  body 
vertical  axis.  Figures  5  and  6  show  the  results  for  the  dipoles  and 
the  slots,  respectively.  In  all  cases  investigated,  for  both  types  of 
radiators  and  at  all  frequencies,  the  SAR  decreases  exponentially 
(notice  the  logarhythmic  scale)  with  distance  from  the  body  surface. 
Furthermore,  the  attenuation  coefficients  are  very  close  to  those 
estimated  theoretically  for  the  plane  wave  as  given  in  Table  3.  That 
means,  that  the  longer  the  wavelength,  the  greater  the  penetration 
depth  in  the  tissue.  The  SAR  close  to  the  surface  is  much  greater  at 
350  and  915  MHz  than  at  160  MHz  for  the  dipoles.  For  the  slots  the  SAR 
close  to' the  surface  is  less  than  that  for  the  dipoles,  and  at  915  MHz 
it  is  greater  than  at  350  MHz. 

Figures  7  and  8  illustrate  the  spatial  distribution  of  the 
SAR  in  the  cross-section  of  the  torso  on  the  radiator  axes  (see 
Table  3)  for  dipoles  and  slots,  respectively.  The  dashed  lints  show 
the  equi-SAR  profiles  in  mW/kg  per  1W  of  the  radiator  output  power.  A 
difference  in  shape  of  the  lines  between  the  dipoles  and  the  slots  can 
be  seen.  The  data  presented  can  be  utilized  in  designing  an  array  to 
obtain  a  desired  heating  contour. 


wot 


Figure  4 

Designation  of  geometrical  coordinates 
for  the  radiators  investigated. 


I4ble  3.  Geo«»tric4l  coordinates  for  ih* 
ritflitort  invtsti9<ted  {see  4l$o 
figure  4) 


jin 

FRMUMC1 

(MKt) 

A 

Icn) 

d 

lea) 

d/t 

oi  me 

160 

134 

21 

0.112 

oimc 

350 

103 

8 

0.093 

SLOT 

350 

87 

t 

0.093 

otmc 

915 

107 

5 

0.152 

SLOT 

915 

97 

5 

0.152 

Figure  5  :  The  specific 
absorption  rate,  SAR,  in 
the  torso  on  the  antenna 
axis  as  a  function  of 
distance  from  the  body 
surface  for  resonant 
dipoles  with  reflectors. 
Points  show  the  experi-' 
mental  data  and  the  lines 
are  the  least-square  fit. 
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Figure  6  :  The  specific 
rate,  SAR ,  in  the  torso 
on  the  antenna  axis  as  a 
function  of  distance 
from  the  body  surface 
for  resonant  slots  with 
reflectors.  Points  show 
the  experimental  data  and 
the  lines  are  the  least- 
square  fit. 
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!he  specific  absorption 
rate,  SAP,,  m  mH/kg,  the  eross- 
section  of  the  torso  on  the  axis 
of  the  resonant  dipoles  with  re- 
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(b)  350  f!Hz,' 

(c)  915  HHz. 


lit C?D:  ihe  specific  aosorpt 
rate,  SAP,  in  nV/kc,  the  cross- 
section  of  the  torso  on  the  axi 
^e  resonant  slots  with  reflect 
with  1!.'  output  power  ; 
a)  350  KHz, 

(b)  915  .MHz . 
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Figure  9 

Specific  absorption  rate,  SAR,  averaged  over  tissue  layers 
perpendicular  to  the  body  main  axis  for  resonant  dipoles  with 
reflectors  at  three  frequencies. 


sax  k*h  vw-uE  i.»Ayn 


Figure  10 

Specific  absorption  rate,' SAR,  averaged  over  tissue  layers 
perpendicular  to  the  body  main  axis  for  resonant  slots  with 
reflectors  at  two  frequencies. 


Spatial  distributions  of  the  SAR  averaged  over  tissue  layers 
perpendicular  to  the  body  main  axis  for  the  dipoles  and  slots  are  shown 
in  Figures  9  and  10,  respectively.  The  maximum  SARs,  except  at  160 
MHz,  occur  in  the  tissue  layers  on  the  radiators  axes.  At  160  MHz,  as 
the  radiator  axis  is  close  to  the  neck,  the  maximum  shifts  toward  the 
neck,  as  also  observed  for  far-field  exposures  [18].  A  frequency  of 
350  MHz  appears  to  be  the  most  advantageous  from  the  three  frequencies 
Investigated  in  terms  of  the  SAR  distribution  pattern  that  may  be 
desirable  for  local  hyperthermia.  At  this  frequency  a  resonant  dipole 
with  a  reflector  is  more  efficient  than  a  resonant  slot  with  a 
reflector  in  terms  of  coupling  the  energy  to  the  tissue. 

CONCLUSIONS 

A  computer-controlled  scanning  system  and  an  implantable 
electric  field  probe  were  used  to  obtain  the  specific  absorption  rate 
(SAR)  profiles  in  an  electrically  homogeneous  model  of  man  exposed  in 
the  near-field  of  simple  radiators.  Experiments  performed  at  three 
frequencies  (160,  350  and  915  MHz)  with  resonant  dipoles  and  slots, 
both  with  metal  reflectors,  indicated  localized  energy  deposition 
dependent  on  the  frequency  and  type  of  radiator.  All  the  frequencies 
investigated  the  SAR  on  the  radiator  axis  decreased  exponentially  with 
distance  away  from  the  body  surface.  The  most  promising  for 
hyperthermia  applications  were  the  SAR  patterns  obtained  at  350  MHz  for 
a  resonant  dipole  with  a  reflector.  This  exposure  situation  was 
characterized  by  small  reflections  from  the  body  surface,  reasonable 
penetration  depth  and  the  maximum  SAR  on  the  antenna  axis.  Information- 
presented  here  can  be  further  extended  into  multiple  radiators  and 
nonhomogenous  models  for  design  of  efficient  hyperthermia  applicators. 

The  Information  on  the  SAR  distributions  can  also  be  utilized 
to  assess  potential  health  hazards  due  to  exposure  to  portable 
transmitters  or  leaky  sources.  A  resonant  dipole  with  a  reflector  may 
be  considered  as  the  worst  case  (the  best  energy  coupling  to  the  body) 
of  exposure  to  portable  transmitters,  and  a  resonant  slot  with  a 
reflector  as  a  typical  representative  of  leaky  sources  (e.g.  a 
transmitter  cabinet).  For  this  purpose  the  values  of  the  SAR  obtained 
can  be  compared  to  the  values  recommended,  for  Instance,  in  the  U.S. 
ANSI  standard  [19]. 
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Abstract 


The  rate  of  the  radio  frequency  energy  deposition  in  a  block 
model  of  the  human  body  exposed  in  the  near-field  of  a  resonant  dipole 
at  350  MHz  was  calculated  using  the  moment  method.  Detailed  maps  of 
the  electric  field  strength  in  a  homogeneous  model  of  a  realistic  shape 
under  the  same  exposure  conditions  were  obtained  using  a 
computer-controlled  scanning  system  and  an  implantable  electric  field 
probe.  A  comparison  of  the  measurement  data  with  the  calculations 
show's  a  relatively  good  agreement  when  average  values  over  relatively 
large  volumes  are  concerned;  however  the  calculations  do  not  show  large 
spatial  gradients  and  tend  to  underestimate  the  magnitude  of  "hot 
spots"  observed  experimentally. 
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I.  INTRODICTIOH 


Recent  progress  in  telecommunications  technology  and 
applications  has  resulted  in  wide  spread  and  continuously  growing  use 
of  portable  and  mobile  radio  transmitters.  One  aspect  of  these 
developments  is  the  resulting  exposure  to  radiofrequency  fields,  and 
consequently,  a  need  to  assess  the  safety  of  the  device  user. 

The  dose  rate,  or  the  rate  at  which  radio  frequency  (RF) 
electromagnetic  energy  is  imparted  into  the  body,  defined  as  the 
specific  absorption  rate  (SAR),  is  used  in  quantifying  biological 
effects  and  formulating  standards  on  exposure  to  RF  fields  [1,2).  It 
is  also  recognized  that  the  spatial  distribution  of  the  SAR  within  the 
exposed  body,  and  in  some  interactions  also  other  parameters  play  an 
essential  role  (3). 

Numerical  methods  have  been  developed  to  calculate  the  SAR 
distribution  in  very  simplified  block  models  of  man  [4-6),  and  in  a 
more  realistic  model  [7),  both  in  the  far-field.  The  more  realistic 
model  has  also  been  employed  for  evaluation  of  the  SAR  distribution  in 
the  near-field,  when  there  is  no  coupling  between  the  radiation  source 
and  the  irradiated  object  [8].  Several  recent  reviews  have  summarized 
the  > omputational  methods  f 9-11 1 . 

The  SAR  distribution  can  also  be  determined  experimentally, 
usually  in  scaled  down  models  of  man  by  thermography  (.12),  cr  by 
implantabie  electric  field  probes. 

Because  of  the  geometrical  and  electrical  complexity  of  the 
human  body,  the  spatial  distribution  of  the  SAR  resulting  from 
exposures  in  the  near-field  of  antennas,  as  in  the  case  for  portable 
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transmitters,  is  difficult  to  determine  by  analytical  or  experimental 
methods.  The  tensor  integral  method  has  been  used  to  calculate  the  SAR 
distribution  in  a  block  model  of  man  consisting  of  180  cells  exposed  to 
a  resonant  dipole  in  the  near  field  with  mutual  coupling  between  the 
antenna  and  body  due  to  their  close  proximity  {13,14].  A 
computer-controlled  measurement-system  and  implantable  electric  field 
probes  were  utilized  in  obtaining  detailed  maps  of  the  SAR  in  a 
full-scale  model  of  the  human  body  [15,16  J. 

In  this  paper  we  present  the  calculations  and  measurements  of 
the  spatial  distribution  and  average  SARs  for  various  body  parts  for  a 
full-scale  model  of  man  exposed  in  the  near  field  of  a  resonant  dipole 
at  350  MHz.  The  frequency  of  350  MHz  was  selected  because  of  the 
previously  reported  .resonance  of  the  head  {17] ,  and  because  it  is 
relatively  close  to  the  frequencies  used  in  FM  portablefmobile  radio 
{403-430  HHz),  The  results  obtained  by  the  two  methods  are  compared, 
and  limitations  and  advantages  of  both  methods  are  outlined. 

11.  CALCULATIONS 

The  electric  fields  and  therefore  the  SAR  distribution  inside 
a  model  of  the  human  body  near  a  dipole  antenna  are  calculated  by  the 
tensor  integral  method  described  in  detail  in  M3]  and  Driefly  in  [14  ]. 
The  human  block  model  consists  of  180  cubical  cells  of  varying  sizes 
arranged  to  best  fit  the  contour  of  a  70  ig  man  7. .  3ecause  of  body 
S/roietry,  only  tne  values  witnin  one  half  of  the  body  are  presented.  A 
thin  resonant  dipole  is  located  close  to  the  head  in  a  location  whose 
ccoru mates  are  given  in  Table  I.  Other  essential  exposure  uiid  rode! 
parameters  are  also  summarized  in  Table  1. 


III.  MEASUREMENTS 


The  electric  field  intensity  was  measured,  and  the  SAR 
subsequently  calculated  in  more  than  650  locations  within  half  of  the 
model  of  the  human  body.  An  implantable  isotropic  electric  field 
probe,  E!T,  model  979  (manufactured  by  Electronic  Instrumentation  and 
Technology,  Inc . ,  1439  Sheppard  Ave.,  Sterling,  VA  22170)  was  used. 
The  probe  was  fully  evaluated  and  calibrated  prior  to  the  experiment 
(18)  and  the  calibration  was  spot  checked  during  the  measurements.  The 
computer-controlled  scanning  system  115,16)  performed  a  set  of 
measurements  at  650  locations  in  less  than  1.5  hours.  The 
repeatability  of  the  SAR  measurements  was  better  than  +0.5  dB,  as 
tested  on  up  to  15  repetitions  under  various  power  levels  and  on 
various  days.  The  uncertainty  of  the  SAR  determination  was  estimated 
to  be  approximately  +  1  dB.  The  main  contribution  to  the  SAR 
measurement  uncertainty  was  due  to  the  limitations  of  performance  of 
the  electric  field  probe  and  its  calibration  [18],  Each  data  point 
presented  in  this  paper  is  an  average  of  four  to  five  measurements. 

A  full-scale  model  of  an  anatomically  proportional  average 
nan  (175  cm,  70  kg  based  on  a  plastic  model  Remcal,  manufactured  by 
Alderson  Research  Lab.  Inc.,  Stamford,  Conneticut)  was  made  of  low 
density  Styrofoam  sheets  2.5  cm  thick,  which  were  glued  together.  The 
model  was  positioned  horizontally  (face  up)  in  an  anechoic  chamber 
(dimensions  4.6  x  3  x  2.1  m).  The  antenna  was  placed  under  the  model, 
and  the  electric  field  probe  was  immersed  in  the  model  from  its  top. 
The  distance  between  the  chamber  floor,  which  was  covered  with  RF 
absoiber,  and  the  antenna  was  60  cm  (from  the  absorber);  the  distance 
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between  the  mold  and  the  chamber  walls  and  ceiling  was  1.5  m  or  more. 
The  reflections  from  the  chamber  walls,  floor  and  ceiling  were 
measured,  and  were  found  to  be  below  -20  dB  at  a  frequency  of  3S0  MHz. 

The  mold  was  partly  open  in  the  torso  area,  and  holes  large 
enough  for  inserting  the  probe  were  drilled  in  other  locations,  more 
details  about  the  mold  are  given  elsewhere  [16].  The  mold  was  filled 
with  a  low  viscosity  (to  facilitate  probe  immersion)  mixture  having 
average  tissue  properties  (2/3  muscle  tissue)  at  a  frequency  of  350  MHz 
(Table  1).  Essential  model  and  exposure  parameters  are  given  in 
Table  1.  The  resonant  dipole  was  shortened  to  0.43*,  to  achieve 
matching  to  a  500  transmission  line.  The  dipole  input  VSWR  was  less 
than  1.2  with  the  model  of  man  placed  at  a  distance  of  8  cm. 

IV.  RESULTS  AND  DISCUSSION 

The  measured  local  values  of  the  SAR  in  the  center 
cross-section  of  the  model  (dashed  lines)  are  compared  with  the 
calculated  SAR  values  in  the  corresponding  cells  (solid-line  bars),  as 
illustrated  in  Figure  1.  The  contours  of  the  two  models  were  matched 
along  the  main  axis  of  the  body.  A  small  difference  (less  than  3t)  in 
the  height  of  the  two  models  (see  Table  1)  resulted  mainly  from  the 
curvature  of  the  head.  When  the  measured  location  was  on  the  border  of 
two  cells  or  very  close  to  it,  the  average  SAR  for  the  two  cells  was 
utilized  for  the  comparison.  Both  the  calculated  and  the  measured  SAR 
values  were  normalized  to  1  W  input  power  to  the  dipole.  It  can  be 
seen  that  the  theoretical  and  measured  SARs  in  the  neck  region  in  the 
center  of  the  body  are  in  reasonably  good  agreement.  However,  overall, 
the  spatial  distribution  of  the  SAR  predicted  by  the  calculation  is 
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significantly  different  from  the  measured  values,  with  differences  of 
an  order  of  magnitude  at  some  locations  (notice  the  logarithmic  scale). 
This  may  be  an  unfair  comparison,  as  the  local  values  of  the  SAR  within 
spheres  of  a  diameter  of  0.9  cm  (the  probe  diameter)  are  compared  with 
the  average  values  in  cutes  of  approximately  7  cm  (the  average  cell 
size).  In  the  comparisons  that  follow  the  calculated  values  are 
compared  with  the  measured  values  averaged  over  certain  volumes. 

Figure  2  shows  a  comparison  of  the  spatially  averaged 
calculated  and  measured  SARs  along  two  selected  body  axes.  The  SAR 
values  are,  in  both  cases,  averaged  over  the  tissue  volume  contained 
between  the  body  surfaces  in  the  direction  of  the  wave  propagation. 
This  means  that  the  values  are  the  averages  over  two  or  three  cells, 
except  in  the  legs,  for  the  calculated  SARs,  and  the  averages  over  the 
cylindrical  volume  of  0.9-cm  diameter  for  the  measured  SARs.  Since  the 
probe  did  not  penetrate  to  the  very  bottom  of  the  back  surface  of  the 
mold  appropriate  curves  (exponential)  were  fitted  to  the  measurement 
points  using  the  least-square  method  to  calculate  SARs  at  the  model 
surface.  These  data  points  together  with  the  measured  SAR  values  were 
used  to  calculate  the  average  SARs, 

The  general  shape  of  both  spatial  distributions  looks 
similar.  It  is  clear  that  the  theory  does  not  predict  to  the  same 
extent  an  increase  in  the  SAR  in  the  neck  region.  However  the  largest 
differences  between  the  predicted  and  measured  values  are  about  5  to  6 
tires  rather  than  10,  as  it  was  for  the  previous  comparison  (see 
figure  I). 

A  much  better  agreement  between  the  theory  and  the  experiment 
can  be  seen  in  the  SAR  values  averaged  over  the  horizontal  tissue 
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layers  presented  in  Figure  3.  The  arms  are  not  included  in  these 
averages.  The  calculations  in  this  case  underestimate  the  maximum  SAR 
in  the  neck  by  a  factor  of  three. 

The  whole-body  average  SARs  calculated  and  measured  are  7.9 
and  6.3+1 .2  mW/kg,  respectively.  The  difference  is  within  the 
uncertainty  of  measurements  (because  of  the  extrapolation  involved  the 
accuracy  of  the  whole-body  average  estimated  at  +25X  is  much  worse  than 
that  of  the  local  SARs)  and  can  be  attributed  to  the  difference  in  the 
distance  between  the  dipole  and  the  body  in  the  calculations  and 
experiment  (7.3  vs.  8  cm).  As  an  example  of  regional  SAR  differences, 
the  head/neck  area  calculated  average  SAR  is  17  mW/kg,  while  the 
measured  value  is  28  mW/kg.  The  difference  in  this  case  is  relatively 
large,  but  consistent  with  previously  noted  differences  in  the  spatial 
distribution  of  the  SAR.  The  SAR  in  the  neck  is  extremely  sensitive  to 
the  shape  of  the  neck. 

A  very  important  feature  of  the  RF  energy  deposition  in  the 
human  body  in  the  near-field  of  radiators  at  350  HHz,  which  is  not 
evident  from  the  analysis  of  the  block  model  of  man,  is  illustrated  in 
Figure  4.  This  figure  shows  the  SAR  in  the  torso  on  the  center  point 
of  the  dipole  along  the  direction  of  the  wave  propagation.  The  dipole 
center  point  is  located  at  38  cm  from  the  head  top.  The  wave  is 
incident  at  the  torso  wall  at  z  *  20  cm  and  the  torso  extends  to 
approximately  z  »  0.  The  vertical  columns  show  the  calculated  SAR  in 
the  three  body  cells,  the  points  show  the  experimental  data.  The 
dashed  line  represents  a  lea s t- sc,uare  fit  of  an  exponential 
relationship 
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SAR  *  A  exp  (-a  2)  (1) 

Two  Important  observations  can  be  made.  Firstly,  at  a  frequency  of  350 
MHz  the  SAR  decreases  exponentially  in  the  torso  within  about  one-half 
of  the  torso  width.  Beyond  that  point  the  SAR  values  are  very  low, 
more  than  100  times  below  those  on  the  surface.  Furthermore,  the 
attenuation  coefficient,  «  *  0.46  ♦  0.01  is,  within  the  fitting  error, 
equal  to  that  calculated  for  the  planar  model  with  electrical 
properties  of  the  tissue  simulating  material,  *  *  0.49  +  0.02. 
Secondly,  the  theory  does  not  show  the  decrease  of  the  SAR  with 
distance  away  from  the  plane  of  the  incident  wavefront.  It  is  apparent 
from  Figure  4,  that  the  average  SARs  for  the  layers  of  about  7  cm 
corresponding  to  the  cells  width  are  significantly  different, 
particularly  for  the  two  outer  cells.  The  exponential  decay  in  the  SAR 
is  typical  for  other  locations  along  the  torso  and  the  head.  Only  in 
the  center  of  the  neck,  150  cm  from  the  feet  base,  can  an  increase  in 
the  SAR  close  to  the  neck  center  be  observed  (Figure  5).  The  SAR  close 
to  the  neck  center  is  approximately  50  mW/kg,  as  compared  with  440 
mW/kg  at  the  neck  surface  and  the  average  SAR  of  115  mW/kg  for  the 
cylinder  of  0.9  cm  in  diameter  on  the  neck  axis  between  the  neck 
surface  of  the  wave  incidence  and  the  opposite  surface. 

Our  results  are  to  certain  extent  different  from  the 
previously  reported  agreement  between  the  calculated  and  measured  SAR 
distributions  ( 4-6  «.  However,  the  comparisons  were  done  for  much 
simpler  shapes  and  different  exposure  conditions.  The  reported 
agreement  is  even  more  impressive  in  view  of  a  relatively  simple 
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electric  field  probe  that  wrs  used  for  the  measurements  reported  in 
£4,6].  On  the  other  hand  for  more  realistic  models,  for  some  regions 
such  as  the  neck,  differences  of  the  order  of  10  to  20  between  the 
calculated  and  measured  values  of  the  SAR  were  previously  reported  [7). 

We  feel  that  the  differences  between  the  calculated  and  the 
measured  values  of  the  SAR  are  due  to  the  limitations  of  the 
calculations,  because  the  accuracy  of  the  measurements  was  verified 
using  simple  geometrical  bodies  [19].  Although  ft  was  stipulated  that 
the  analysis  of  the  block  model  of  man  can  be  used  up  to  500  MHz  [4-7], 
the  limits  on  the  cell  size  were  suggested  [20].  The  cell  size  used  in 
our  calculations  is  greater  than  the  suggested  limit  [20]. 
Furthermore,  other  deficiencies  of  the  numerical  analysis  using  the 
cubical  block  model  of  man  in  calculating  the  SAR  distribution  have 
recently  been  suggested  [21],  These,  however,  have  also  been 
questioned  [22]. 


.  V.  CONCLUSIONS 

The  specific  absorption  rate  (SAR)  averaged  over  various  body 
volumes  and  the  spatial  distributions  of  the  SAR  calculated  and 

measured  were  compared  for  the  near-field  exposure  by  a  resonant  dipole 

at  350  MHz.  The  calculations  were  performed  using  the  method  of 
moments  to  solve  the  tensor  integral  equations  for  a  block  model  of  man 
consisting  of  total  of  180  cubical  cells.  A  computer-controlled 
scanning  system  and  an  implantable  electric  field  probe  were  used  to 
measure  local  values  of  the  SAR  in  650  locations  within  half  of  the 

model  of  a  human  body  with  an  uncertainly  of  approximately  +1  dB. 

The  whole-body  average  SARs  obtained  by  both  methods  are  in  a 
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good  agreement.  The  values  of  the  SAR  averaged  over  smaller  volumes 
and  the  spatial  distribution  of  the  SAR  are  different  by  factors 
ranging  from  3  to  10.  The  theoretical  analysis  does  not  predict  an 
exponential  decrease  in  the  SAR  values  in  the  direction  of  the  wave 
propagation  away  from  the  surface  upon  which  the  wave  is  incident. 
Relatively  large  spaticl  gradients  of  the  SAR  are  similarly  not 
apparent  from  the  calculations. 

The  main  limitations  of  the  calculations  result  from  a 
relatively  small  number  of  blocks  and  the  resulting  relatively  large 
site  of  the  blocks  as  compared  to  the  wavelength  in  the  tissue  [20], 
furthermore,  limited  accuracy  is  inherent  in  the  metnad  employed  [21] . 
Differences  in  the  shapes  of  the  models  may  play  some  role,  but 
probably  less  significant  than  the  other  factors.  The  neck  may  be 
considered  as  the  region  where  shape  differences  have  been  sufficiently 
large,  to  affect  the  SAR. 

In  view  of  the  computational  difficulties  in  extending  the 
available  theoretical  methods  to  more  refined  realistic  models  of  the 
human  body,  at  present  experimental  methods  appears  to  be  a  viable 
alternative  for  determination  of  the  spatial  distribution  of  the  SAR  in 
models  of  humans  exposed  in  the  near-field  of  radio  frequency  antennas. 
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FIGURE  CAPTIONS 


1.  Comparison  of  the  specific  absorption  rate  (SAR)  calculated  and 
measured  along  selected  axis  shown  by  vertical  dashed  lines.  Blocks 
represent  the  calculated  values,  while  the  measured  values  are 
depicted  by  horizontal  dashed  tines,  for  f  *  350  MHz,  1  Vi  input 
power  to  the  antenna,  E  polarization,  and  for  the  location  of 

the  dipole  qiven  In  Table  1. 

2.  Comparison  of  the  calculated  and  measured  specific  absorption 
rate  (SAR)  averaged  along  the  direction  of  the  wave  propagation 
(perpendicular  to  the  axis  of  the  body).  The  blocks  show  the 
calculated  values,  averaged  over  the  cells  in  the  direction  of 
wave  propagation, 'and  the  points  represent  the  measured  date 
averaged  over  cylinders  0.9  cm  in  diameter,  for  f  *  3S0  KHz,  1  U 
input  power  to  the  antenna,  E  polarization,  and  for  the  location 
of  the  dipole  given  in  Table  1. 

3.  Comparison  of  the  specific  absorption  rate  (SAR)  averaged  over 
horizontal  tissue  layers.  The  blocks  show  the  calculated  values, 
and  the  points  the  measured  data,  for  f  «  350  MHz,  1  1!  input 
power  to  the  antenna,  E  polarization,  and  for  the  location 

of  the  dipole  given  in  Table  1. 

a.  The  specific  absorption  rate  (SAR)  on  the  dipole  axis  in  the 
torso.  The  blocks  show  the  calculated  values,  the  points  the 
measured  data,  the  straight  line  shows  the  least  square  fit  into 
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data  points  for  2  >  8  cm  of  the  curve  SAR  *  A  exp  (-«  z) .  The 
body  surface  at  which  the  wave  is  incident  is  at  2  *  20  cm, 
and  the  wave  propagates  toward  2*0,  with  f  *  350  HH2,  1  W  input 
power  to  the  antenna,  £  polarUation,  and  for  the  location  of 
the  dipole  given  in  Table  1. 

The  specific  absorption  rate  (SAR)  in  the  neck.  The  points  show 
the  measured  data  at  the  height  150  cm  from  the  feet  base,  the 
neck  surface  at  which  the  wave  is  Incident  is  at  2  *  12  cm,  and 
the  wave  propagates  toward  2*0,  with  f  •  350  MH2,  1  W  Input 
power  to  the  antenna,  £  polari2ation,  and  for  the  location  of 
the  dipole  given  in  Table  1. 
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Essential  Model  and  Exposure  Parameters 


Parameter 

Coleulatli 

Frequent  y 

350  MHz 

Actual  dipole  length 

0.5  \ 

Dipole  length/radlus 

200 

Input  Impedance 

48.3  a 

Distance  from  the  body 

7.3  cm 

Distance  dipole  axls/head 
top  (vertically) 

34.3  cm 

Model  height 
♦ 

170  cm 

Dielectric  constant 

37 

Conductivity 

0.95  S/m 
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ABSTRACT 


A  computer-controlled  (canning  syttem  and  Implantable,  nonperturb¬ 
ing  electric  field  probes  were  ueed  to  maaiure  spatial  distributions  of  the 
electric  field  In  a  full  scale  homogeneous  model  of  a  human  body.  The  mea¬ 
surements  were  performed  at  three  frequencies  (160,  350  and  915  MHz)  la  the 
far-fleld  and  In  the  near-fleld  of  resonant  dipoles*  The  specific  absorp¬ 
tion  rate  (SAR)  distributions  and  the  averages  for  body  parts  and  the  whole 
body  are  analyzed  as  functions  of  frequency.  In  the  far-fleld,  the  SAR 
decreases  exponentially  In  the  direction  of  wave  propagation  in  the  torso  at 
all  frequencies,  and  large  gradients  of  the  SAR  are  observed  along  tha  body 
main  axis,  particularly  for  the  E  polarization.  At  160  and  350  MHz  high 
local  SARs  are  produced  In  the  neck.  It  appears  that  for  plane  wave  expo¬ 
sures  the  ratio  of  the  peak  SAR  to  the  whole-body  average  SAR  does  not  ex¬ 
ceed  20,  In  the  near  field,  large  SAR  gradients  are  also  produced,  and  the 
ratios  of  the  peak  spatial  SAR  to  the  whole-body  average  SAR  vary  from  abouC 
30  to  250  depending  on  the  frequency  and  polarization.  It  Is  suggested  that 
for  near-fleld  exposures  the  whole-body  average  SAR  Is  not  a  proper  dosi¬ 
metric  measure,  and  the  SAR  averaged  over  any  0.1  of  the  tissue  volume  is 
recommended  Instead, 
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I.  INTRODUCTION 


To  quantify  Interaction*  of  radio  wave*  with  biological  systems, 
it  i*  important  to  know  both  *patlal  dlitribution*  and  average  value*  of  the 
specific  abiorption  rate,  SAR,  [1]>  Varlou*  theoretical  and  experimental 
methods  have  been  developed  and  used  for  this  purpose,  a*  reviewed  elsewhere 
(2-4].  Recently,  an  experimental  technique,  which  utilize*  implantable 
nonperturbing  electric  field  probes  and  a  computer-controlled  acannlng  sys¬ 
tem,  was  used  to  obtain  SAR  distributions  in  a  full  scale  model  of  man  at 
350  KHz  in  the  far-fleld  [5],  and  at  350  KHz  and  915  MHz  in  the  neer-fleld 
(6,7].  A  homogeneous  model  certainly  hat  tome  limitations,  particularly  at 
915  MHz,  where  for  Instance  layered  structure  has  been  shown  to  increase 
absorption  efficiency  [8]. 

In  this  peper  we  report  new  results  of  meesurements  at  160  KHz  in 
the  far-  and  the  near-fields,  the  far-field  measurements  at  915  MHz  and 
discuss  effects  of  frequency  on  the  SAR  distribution  and  various  SAR  avera¬ 
ges  at  the  three  frequencies  investigated,  namely  160,  350  and  915  MHz.  The 
average  values  and  spatial  distributions  of  the  SAR  in  the  far-fleld  are 
also  compared  with  the  previously  published  theoretical  and  experimental 
data. 


II.  MEASUREMENT  METHOD 

The  measurement  system  was  described  in  our  earlier  publications 
[7,9].  Models  of  man  were  made  of  thin  plastic  (1.5  mm)  (160  MHz  and  915 
MHz)  or  low  density  styrofoam  (350  MHz).  The  dimensions  of  the  model  cor¬ 
responded  to  a  50  percentile  man  (175  cm,  70  kg).  The  models  were  filled 
with  a  semi-liquid  tissue-equivalent  material  having  electrical  properties 


given  in  Table  1',  corresponding  tf  chose  of  the  average  tissue  at  a  given 
test  frequency.  More  details  about  the  aodej.s  are  given  in  [7]. 

All  measurements  were  performed  in  an  anecholc  chamber.  The  re¬ 
flections  were  leas  than  -16  dB  at  frequencies  above  100  MHz. 

Far-fleld  exposure  conditions  were  produced  by  antennas  located 
at  sufficiently  large  distances  froa  the  aodel  surface.  The  power  density 
at'  the  aodel  location  was  asasursd  with  an  uncertainty  of  about  10X  without 
the  aodel  in  place.  Since  the  antennas  produced  non-planar  wavefronts, 
corrections  were  Introduced  to  noraalize  the  SAR  data  to  1  nW/ca2  of  the 
incident  power  on  the  aodel  surface  closest  to  the  antennas  as  described 
elsewhere  [7].  For  resonant  dipoles  the  spatial  distribution  of  the  fields 
was  calculated  froa  using  well  known  analytical  expresslona  and  incorpor¬ 
ated  into  the  data  processing  routine  at  a  correction  factor.  Theoretical 
calculations  were  also  verified  experlaentally. 

For  aeasuraaents  in  the  near-field,  resonant  dlpolea  were  posi¬ 
tioned  as  illustrated  in  Fig.  1.  Two  polarizations  were  used.  For  the  E 
polarization  the  antenna  was  placed  perallel  to  the  long  body  axis  while  for 
the  H  polarization  the  antenna  was  positioned  perpendicular  to  the  axis, 
ahoulder-to-ahoulder.  Table  2  gives  the  gaosetrlcal  coordinates  and  charac¬ 
teristics  of  the  antennas. 

The  SAR  was  calculated  using  the  three  components  of  the  electric 
field  which  were  measured  with  an  electric  field  probe  as  described  in  (7). 
The  estimated  uncertainty  of  measurements  of  local  SARs  waa  about  12Z,  and 
of  average  SARs  about  25Z.  The  latter  uncertainty  includes  both  the  uncer¬ 
tainty  in  measurements  and  in  calculation  of  averages  using  a  finite  number 


of  measurement  point*.  The  values  of  the  SARs  for  each  exposure  were  deter¬ 
mined  in  approximately  6S0  points  within  one-half  of  the  model. *) 

In  order  to  calculate  the  averages  for  the  body  part*  and  the 
whole  body  averages  the  model  was  divided  into  23  slices  perpendicular  to 
the  main  body  axis  as  shown  in  Fig.  1.  In  each  slice,  the  field  measure¬ 
ments  were  done  in  several  location*  as  described  in  Table  3.  In  each  of 
the  test  locations  electric  fields  were  measured  in  several  points,  separa¬ 
ted  by  1  cm,  along  the  direction  of  propagation.  Du*  to  the  mechanical  and 
electrical  limitations  of  the  model  and  the  electric  field  probe*  it  waa  not 
possible  to  probe  the  fields  very  close  to  the  irradiated  surface  of  the 
model  (closer  than  1  to  2  cm)  and  therefore,  the  electric  fields  on  and  in 
the  immediate  vicinity  of  the  irradiated  surface  were  obtained  by  extrapola¬ 
tion  of  the  fields  measured  deeper  in  the  model.  Since  in  the  majority  of 
the  teat  locations  the  electric  fields  decay  exponentially  (ee*  Table  4)  a 
simple  expression  E2  •  Eg2  exp  (-a)  wss  used,  whsrs  Eg  is  the  electric 
field  on  the  irradiated  surface ,  a  is  the  attenuation  coefficient  (see  Table 
4)  and  z  is  the  distance  along  the  direction  of  propagation.  In  a  few  test 
locations  a  linear  or  a  polynomial  extrapolation  was  found  to  be  more  appro¬ 
priate.  Although  the  curvature  of  the  body  can  potentially  affect  the  SAR 
close  to  the  surface,  we  were  not  able  to  notice  such  behaviour  for  the 
homogeneous  model. 

By  selecting  an  appropriate  number  of  points  in  the  direction  of 
wave  propagation  in  each  of  the  test  locations  (Fig.  1),  the  model  was  divi¬ 
ded  into  4*4*1  cm  and  10*10x1  cm  blocks.  The  average  SARs  were  calculated 
in  each  block  and  then  partial  body  SARs  were  calculated.  The  average  whole 
body  SARs  were  obtained  using  the  "rule  of  nines"  which  gives  an  estimate  of 
*)  The  model  was  assumed  to  be  symmetrical  with  respect  to  the  main  plane. 


the  contributions  of  various  parts  to  the  total  weight  of  the  human  body 
(see  Table  3) (10]. 


III.  FAR-FIELD  EXPOSURES 


At  all  test  frequencies  an  exponential  decay  of  the  SAR  in  the 
torso  in  the  direction  of  the  vave  propagation  was  observed.  The  attenua¬ 
tion  coefficient  was  found  equal  to  that  of  a  plane  vave  propagating  in  a 
semi-infinite  slab  having  the  same  electrical  properties  as  the  torso.  The 
pertinent  data  are  summarized  in  Table  4.  However,  the  SAR  distribution 
along  the  main  body  axis  is  much  more  complex,  and  even  a  relatively  sophis¬ 
ticated  analysis  utilizing  a  block  model  of  man  consisting  of  a  few  hundred 
cells  does  not  provide  reliable  data  as  found  at  3S0  MHz  [3], 

Figure  2  illustrates  maximum  values  of  the  SAR  anyvhere  on  the 
body  surfece,  for  two  polarizations1}.  At  915  KHz  the  maximum  SAR  on  the 
surface  is  not  much  different  for  the  two  polarizations.  At  160  MHz  and  350 
MHz  for  the  E  polarization  high  SARs  occur  on  the  surface  of  the  neck. 
However,  for  the  torso  the  SARs  on  the  surface  are  not  much  different  at  all 
three  frequencies. 

In  general,  for  the  E  polarization  at  all  test  frequencies  (and  it 
may  be  inferred  at  all  frequencies  between  160  and  015  MHz),  higher  than 
whole-body  average  SARs  are  deposited  in  the  neck.  The  location  and  magni¬ 
tude  of  the  maximum  is,  frequency  dependent.  Figure  3  shows  the  SAR  distri- 

*)  The  data  on  the  surface  were  obtained  by  extrapolation  of  the  data  mea- 
sured  inside  the  model  at  several  depths. 


button  along  the  main  body  axis  for  the  &  polarization.  The  mean  valuea 
averaged  over  rhe  tlaaue  slices  perpendicular  to  the  main  body  axis  are 
shown.  The  mean  SAR  in  the  neck  decreases  with  frequency  from  about  1000 
mW/kg  at  160  MHz  to  about  70  mW/kg  at  915  MHz  for  an  Incident  power  density 
of  1  mW/cm2.  The  high  mean  SAR  values  do  not  necessarily  reflect  high  SARs 
("hot  spots")  in  the  center  of  the  neck,  as  illustrated  in  Figures  4  and  5. 
For  Instance,  at  350  MHz  the  maximum  SAR  of  over  400  mW/kg  is  located  in  the 
neck  center,  as  compared  with  the  mean  of  about  200  mW/kg,  while  at  160  MHz 
the  SAR  in  the  neck  center  is  900  mW/kg  while  the  mean  is  1000  mW/kg. 

Figures  3  and  4  also  illustrate  that  relatively  high  SARs  are 
produced  in  the  legs.  This  is  even  more  clearly  visible  from  Figure  6  show¬ 
ing  contributions  of  rates  of  energy  deposition  in  various  parts  of  the  body 
as  a  fraction  of  the  whole  body  average  power  absorbed,  A  conclusion  can  be 
drawn,  that  at  all  frequei.  ,• as  higher  SARs  are  produced  in  the  legs  than  in 
the  torso  (the  weight  of  the  legs  is  equal  to  that  of  the  whole  torso,  see 
Table  3). 

Figure  7  shows  the  whole-body  average  and  the  head-neck  average 
SARs.  It  can  be  seen  that  2  to  2.5  times  greater  rates  of  energy  deposition 
occur  in  the  head  at  160  and  350  MHz,  but  not  at  915  MHz,  and  only  for  the  E 
polarization.  The  latter  data  are  compared  in  Table  5  and  Figure  8  with 
theoretical  results  published  earlier  [11-13). 


IV.  NEAR-FIELD  EXPOSURES 


Similarly  as  in  the  far-fleld,  the  SAR  on  the  dipole  axis  decays 
exponentially  in  the  direction  of  propagation  with  an  attenuation  coeffi- 


ctenc  very  close  to  Chat,  of  a  plane  wave,  see  Figure  9  and  Table  4.  This 
behaviour  Is  characteristic  for  resonant  dipoles  placed  at  distances  of  one 
tenth  or  more  from  the  body  surface,  as  analysed  In  detail  at  350  MHz  In 
(6).  For  other  types  of  antennas  the  situation  can  be  different  because  of 
the  amount  of  energy  contained  In  evanescent  waves  (14] ,  The  maximum  SAR  on 
the  body  surface  Is  on  or  very  close  to  the  antenna  axis.  The  frequency 
dependence  of  the  maximum  SAR  on  the  body  surface  (shown  in  Figure  9  for  the 
E-polarlzatlon;  similar  values  of  the  SAR  on  the  body  surface  were  also 
obtained  for  the  H  polarization)  Is  quite  different  from  that  In  the  far- 
fleld  (Figure  2).  The  differences  In  the  normalized  distances  between  the 
antenna  and  the  body  surface  at  all  three  frequencies  are  small  (0.09  to 
0.15  X,  Table  2),  to  these  differences  cannot  account  for  the  differences  in 
the  SARs. 

Figures  10  and  11  show  the  local  values  of  the  SAR  In  the  body 
mid-plane  at  three  frequencies,  for  the  E  and  H  polarizations,  respectively. 
At  all  frequencies  coupling  of  energy  Is  stronger  In  the  E  polarization 
(Figure  10)  than  In  the  H  polarization  (Figure  11)  by  a  factor  from  about  4 
to  10.  Generally,  the  energy  Is  deposited  In  the  tissue  relatively  close  to 
the  antenna  at  much  greater  rates  than  In  remote  parts  of  the  body,  e.g. 
legs.  As  may  be  expected,  the  lover  the  frequency  the  more  energy  deposited 
further  away  from  the  antenna. 

Figure  12  shows  the  SARs  averaged  over  tissue  slices  perpendicular 
to  the  main  body  axis  for  resonant  dipoles  In  the  E-polarizatlon.  The  maxi¬ 
mum  SAR  in  the  tissue  slice  is  produced  in  the  slice  facing  the  antenna  axis 
for  the  H  polarization  and  the  E  polarization  In  all  cases  except  when  the 


antenna  Is  located  close  to  the  neck  at  160  and  350  MHz.  There  Is  no  appa¬ 
rent  correlation  In  the  shape  of  the  SAR  distributions  along  the  main  body 
axis  and  the  frequency.  Slallarly,  the  maxlaun  SAR  In  the  tissue  slice 
(Figure  13)  does  not  appear  to  be  correlated  vlth  frequency  or  polarization. 
However,  there  Is  an  apparent  correlation  between  the  SAR  profiles  In  the 
torso  cross-sections  perpendicular  to  the  main  bpdy  axis  and  the  frequency, 
as  Illustrated  In  Figure  14.  This  figure  shows  the  lso-SAR  curves  for  500, 
100,  20  and  4  mW/kg  for  1  W  input  power  to  the  antenna.  The  data  presented 
In  this  figure  may  be  useful  In  designing  applicators  for  Inducing  hyper¬ 
thermia  In  various  volumes  of  tissue  by  use  of  radiofrequency  energy. 

In  the  near-fleld  most  energy  Is  deposited  In  the  tissue  volume 
close  to  the  antenna  location.  This  Is  clearly  shown  in  Figures  12  and  15. 
At  all  three  frequencies,  the  dipoles  were  placed  In  the  upper  shoulder  area 
(Table  2),  and  consequently  most  of  the  energy  was  deposited  In  the  head- 
and-neck  and  upper  torso.  It  is  Interesting  to  note,  that  as  In  the  fsr- 
field  at  160  and  350  MHz  and  the  E  polarization  (Figure  7),  the  head-and- 
neck  SARa  are  considerably  greater  than  the  whole-body-average  SARs  (Figure 
15). 

IV.  DISCUSSION 

A.  Measurement  Method 

The  experimental  method  used  In  this  study  was  developed  with  the 
main  objective  of  providing  data  on  distributions  of  the  SAR  in  the  near¬ 
field  of  various  devices,  such  as  portable  transmitters,  leaky  transmitter 
cabinets,  hyperthermia  applicators,  etc.  For  such  applications  the  thermo- 
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graphic  dosimetry  method  [IS,  16]  has  considerable  limitations.  The  most 
serious  limitation  is  due  to  the  required  high  radiated  power,  so  that  a 
short  exposure  (about  20s  (IS])  is  sufficient  to  obtain  the  required  tempe¬ 
rature  Increase  in  the  tissue-equivalent  material.  Other  limitations  are 
related  to  the  difficulties  in  scaling  near-field  exposure  conditions  for 
more  complex  antennas.  For  far-field  exposures  the  superiority  of  one 
method  over  the  other  is  debatable,  at  both  have  their  advantages  and  limi¬ 
tations.  The  thermographic  technique,  particularly  with  the  Improved  itera¬ 
tive  computer  data  processing  (IS],  provides  a  complete  profile  of  the  SAR 
in  any  selected  plane.  However,  in  practical  situations  investigations  are 
limited  to  one  and  sometlnes  two  or  three  planes. 

In  the  Implantable  electric  field  probe  technique,  measurements 
are  performed  in  various  planes,  but  because  of  practical  constraints  elec¬ 
tric  fields  are  measured  at  a  limited  number  of  points  and  therefore  the 
resolution  in  any  cross-section  is  limited.  As  a  consequence  of  the  method 
limitations,  we  have  selected  a  large  number  of  measurement  points  in  ana¬ 
tomically  Important  locations  such  as  the  head,  neck  and  torso,  at  the  ex¬ 
pense  of  a  relatively  small  number  of  points  in  the  legs  and  arms.  The 
selection  was  made  arbitrarily,  as  we  considered  "hot  spots"  in  the  limbs  of 
less  Importance.  The  limited  number  of  points  has  also  affected  the  uncer¬ 
tainty  in  calculated  average  SARs,  For  the  worst  case,  l.e.  whole  body,  the 
legs,  and  the  arm3,  an  estimate  is  25%,  but  for  the  head  and  neck  and  torso 
it  is  15%.  The  latter  is  determined  to  a  large  extent  by  the  accuracy  of 
Che  electric  field  probe  calibration  of  12%. 
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The  implantable  probe  technique  can  also  be  used  for  Inhomogeneous 
models,  as  Che  probe  calibration  factor  should  not  depend  on  the  permitti¬ 
vity  of  the  material  In  which  the  probe  Is  Immersed;  at  least  for  Insulated 
probes  [17].  However,  a  careful  evaluation  of  the  probe  behaviour  at  Inter¬ 
faces  between  different  tissues  will  have  to  be  performed. 

The  accuracies  of  the  two  methods  are  similar,  as  compared  In 
measurements  of  the  SAR  distribution  in  spheres  [18,19].  In  the  thermo¬ 
graphic  method  the  measured  peak  SAR  values  are  in  some  cases  (for  small 
spheres)  lower  by  about  201  than  the  actual  values  [18].  In  the 
implantable-probe  method  the  peak  SAR  values  are  very  accurately  reproduced, 
but  some  errors  may  be  Introduced  when  the  probe  size  is  large  compared  with 
the  object  size  [19], 

far- field  Exposures 

The  exponential  decrease  of  the  SAR  in  the  torso  for  far-field 
exposures  is  a  significant  finding,  indicating  that  at  frequencies  above  160 
MHz  a  simple  model  can  be  used  to  predict  theoretically  the  SAR  distribution 
in  the  direction  of  wave  propagation.  Although  not  explicitly  analysed,  the 
exponential  decay  of  the  SAR  was  observed  experimentally  by  others  at  1,29 
and  2  GHz  (20,  21],  At  these  frequencies,  and  at  915  MHz,  as  Indicated  by 
our  measurements,  the  SAR  in  the  head  and  the  legs  also  decays  exponential¬ 
ly  for  a  homogeneous  model.  This  would  Indicate  that  simple  calculations 
can  be  used  to  account  for  tissue  layering,  i.e.,  the  skin,  bone,  fat,  etc. 


At  all  frequencies,  there  are  gradients  of  the  SAR  along  the  main 
body  axis.  In  the  far-fleld  these  gradients  are  much  greater  for  the 
E-polarization  than  the  H  polarization  at  all  test  frequencies.  This  obser¬ 
vation  is  In  agreement  with  the  experimental  data  obtained  thermographlcally 
at  450  MHz  [15].  For  all  test  frequencies  which  are  above  the  whole-body 
resonant  frequency  of  about  80  MHz  [2,11,13]  for  the  E  polarization  In  the 
far-fleld,  there  appears  to  be  certain  consistency  In  the  SAR  distribution. 
When  rates  of  energy  deposition  In  the  body  parts  (Fig.  6),  the  tissue 
layer  average  SARs  (Fig.  3)  and  the  local  values  of  the  SAR  in  the  body 
mid-section  (Fig.  4)  are  scrutinized,  It  la  apparent  that  large  SARs  are 
produced  In  the  head-and-neck,  and  the  legs.  Also  large  SARs  occur  at  160 
and  350,  but  not  at  915  MHz,  In  the  arms.  These  observations  are  again 
consistent  with  the  data  at  450  MHz  (15J. 

The  mean  SAR  in  the  slice  about  4  cm  thick  In  the  neck  Is  about  10 
times  greater  then  the  whole-body  average  SAR  at  160  MHz,  about  5  times  at 
350  MHz,  and  about  3  times  at  915  MHz  for  the  E  polarization.  Only  In  the 
legs  and  possibly  arms  (not  Investigated  In  detail)  at  350  and  915  MHz  are 
the  SARs  in  the  slices  comparably  large.  It  Is  also  interesting  to  note, 
that  the  distribution  of  the  SAR  across  the  r.eck  is  strongly  frequency  de¬ 
pendent  (Fig.  5).  While  the  mean  SAR  in  the  neck  at  350  MHz  Is  less  than  at 
160  MHz,  the  maximum  SAR  Is  produced  close  to  the  center.  The  value  of  the 
SAR  In  the  neck  center  at  350  MHz  is  about  400  mW/kg  at  1  mW/cm2  of  the 
Incident  power.  At  160  MHz  the  maximum  SAR  is  of  1.67  W/kg  occurs  on  the 
surface  while  It  is  about  0.9  W/kg  in  the  center  (Fig.  5). 
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lt  appears  Chat  at  frequencies  above  160  MHz  In  the  far-fleld, 
In  spite  of  large  SAR  gradients,  local  values  of  the  SAR  are  only  up,  to 
about  20  tines  the  whole-body  average  SAR.  The  condition  on  which  the  ANSI 
exposure  standard  (22]  is  baaed,  l.e.  the  peak  local  SAR  less  than  8  ,W/kg, 
la  not  exceeded  at  least  for  a  homogeneous  aodel.  This  la  to  a  large  extent 
due  to  low  whole-body  average  SARs,  below  0.11  tf/kg,  at  those  frequencies. 
The  results  obtained  at  frequencies  between  160  and  915  MHz,  suggest  that 
Investigations  of  the  SAR  distribution  should  be  carried  out  also  below  160 
MHz,  close  to  the  resonant  frequency  of  the  body.  At  those  frequencies  the 
SARs  In  the  neck  may  reach  even  higher  values.  Presently  available  theory 
offers  little  guidance  In  this  respect.  As  it  may  be  seen  from  Table  5,  the 
head  and  neck  SAR  at  160  MHz  estimated  from  calculations  [11]  la  3  to  5 
times  lower  than  the  measured  value,  A  good  agreement  between  the 
calculations  and  measurements  for  head  and  neck  at  one  frequency  (350  MHz, 
Table  5)  does  not  provide  a  solid  argument  for  the  accuracy  of  the 
calculations. 

The  measured  whole-'  'ersge  SARs  (Pig.  8)  are  relatively  close 
to  the  calculated  values  for  spheroidal  models  [2,  13).  Figure  8  depicts 
the  theoretical  predictions  for  an  average  and  ectomorphic  man,  our  experi¬ 
mental  data  (at  160,  350,  915  MHz)  and  those  reported  by  others  (40  MHz 
(23],  450  MHz  [IS],  1.29  GHz  [14]  and  2  GHz  [21]).  The  data  point  at  2  GHz 
appears  to  be  highly  questionable,  large  errors  were  likely  as  a  result  of 
calculation  of  the  average  based  on  a  relatively  small  number  of  points 
[21],  For  both  polarizations  (E  and  H)  the  measured  SAR  is  higher  than  the 
predicted  (our  data  points  at  350  and  915  MHz  are  somewhat  lower;  It  may  be 
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due  Co  the  uncetteincies  in  our  celculatlons  of  Che  average  SAR  in  the  legs , 
whose  contribuCion  to  the  total  SAR  increases  with  frequency,  as  shown  in 
Fig.  6).  As  pointed  out  previously  [IS],  when  a  large  part  of  energy  is 
absorbed  in  the  legs  (Fig.  6),  the  shape  of  the  model  plays  significant  role 
in  determining  the  average  SAR.  A  spheroid  is  obviously  very  different  in 
shape.  Less  apparent  but  equally  important  are  the  differences  in  the  shape 
between  the  block  model  of  man  and  the  actual  man  geometry,  particularly 
when  a  small  number  of  cells  are  used  to  represent  the  legs. 


C.  Nsar-fisld  Exposures 


At  all  frequencies  Investigated  for  near-field  exposurea  with  the 
antenna-body  surface  separation  of  about  one  tenth  of  the  free-apace  wave¬ 
length,  energy  deposition  la  mostly  concentrated  within  a  limited  volume, 
close  to  the  antenna,  l.e.  for  tha  positions  of  the  antennas  reported  here 
In  the  neck-head  and  upper  torso  (Fig.  15).  The  width  of  the  SAR  distribu¬ 
tion  (Figures  10,  11,  12)  la  not  strongly  depandent  on  frequency.  At  two 
frequencies  (160  and  350  MHz)  for  the  £  polarization  the  maximum  SAR  la 
shifted  off  the  antenna  axis  toward  the  neck,  when  the  antenna  axis  la  posi¬ 
tioned  on  the  shoulder  level  (similarly  to  the  far-field  exposure). 

For  resonant  dipoles  In  the  H-polarlzatlon  the  SARs  In  the  neck- 
head  region  are  comparable  with  the  whole-body  averages  (Fig.  15).  However, 
In  the  E  polarization,  at  160  and  350  MHz,  the  SAR  In  the  head-and-neck  la 
about  five  times  greater  than  the  whole-body  everage.  Because  of  highly 
localized  energy  deposition  for  near-field  exposures,  In  our  view  the  whole- 
body  average  SAR  Is  not  the  most  suitable  parameter  for  quantification  of 
exposures.  The  SAR  averaged  over  any  0.1  of  the  body  mass  Is  suggested  as  a 
better  dosimetric  measure. 

The  maximum  mean  SARs  In  tissue  slices  (see  Table  3)  Is  between 
10  to  30  times  greater  than  the  whole-body  average  SAR  (Figures  13  an  15). 
There  Is  no  consistent  frequency  dependence. 


The  redo  of  the  local  peak  SAR  to  the  whole  body  average  SAR  can 
be  very  high  at  all  frequencies  and  both  polarizations.  The  ratio  Increases 
with  frequency  from  about  30  to  140  at  160  KHz,  to  150  to  190  at  350  MHz,  to 
200  to  250  at  915  MHz.  The  local  peak  SARs  are  Invariably  at  the  body  sur- 


As  Indicated  In  our  earlier  publications  [6,  /),  the  high  SARs  at 
che  body  surface  at  350  and  915  MHz,  aa  compared  with  the  whole-body  avera¬ 
ges  results  in.  the  ANSI  peak  local  limit  of  8  W/kg  (22)  being  exceeded  for 
very  moderate  levels  of  input  power  to  the  antennas,  while  large  antenna 
power  Is  required  co  exceed  the  average  SAR  limit  of  0.4  U/kg  (22).  The 
situation  is  less  critical  at  160  MHz  for  a  resonant  dipole,  however  this 
conclusion  must  not  be  extended  to  other  types  of  antennas.  It  was  earlier 
Indicated  that  antenna  type,  not  only  its  gain,  play  a  crucial  role  In  how 
efficiently  the  energy  Is  coupled  to  the  body  [6]. 


D,  Central  Remarks 


The  ANSI  exposure  standard  (22]  was  based  on  the  theoretical  pre' 
diction  that  for  plane  waves  the  local  peak  SAR  is  about  20  or  less  times 
the  whole-body  average  SAR.  Our  experimental  studies,  at  least  at  frequen¬ 
cies  above  160  MHz  for  a  homogeneous  model  of  man  confirm  this  estimate. 
This  conclusion  may  not  be  valid  for  an  inhomogeneous  model  and  also  at 
frequencies  close  to  or  below  the  resonance.  There  Is  actually  already  some 
evidence  for  a  man  standing  on  a  ground  plane,  the  local  SAR  in  the  ankles 
is  more  than  20  times  the  average  at  and  below  the  resonance  for  the  £ 
polarization  (23]. 


In  Che  near-field,  the  whole-body  average  SAR  may  not  be  a  proper 
dosimetric  measure,  as  most  of  the  power  is  absorbed  in  a  volume  not  greater 
than  one  tenth  of  the  total.  Furthermore,  because  of  very  high  ratios  of 
the  peak-  to-average  SARs  and  the  location  of  the  peak  SAR  on  the  body  sur¬ 
face,  the  limits  of  exposure  may  have  to  be  reevaluated.  We  suggest  that 
Instead  of  the  whole-body-average  SAR,  the  SAR  averaged  over  any  0.1  of  the 
tissue  volume  should  not  exceed  a  specified  limit,  whether  the  limit  of  0.4 
W/kg  selected  for  the  whole  body  exposures  is  applicable  is  a  separate  ques¬ 
tion.  The  local  peak  SAR  poses  a  more  difficult  problem.  Some  considera¬ 
tion  should  be  given  regarding  its  location,  as  the  same  SAR  on  the  surface 
of  the  eye  for  instance  may  have  a  dramatically  different  effect  than  on  the 
surface  of  the  torso.  Selection  as  a  reference  level  of  the  SAR  averaged 
over  0.1  of  the  tissue  volume  Instead  of  the  whole-body  average  would  reduce 
the  peak-to-average  ratio,  for  Instance  at  350  MHz,  and  E  polarization  from 
about  150  to  about  40.  Additional  difficulty  in  establishing  exposure 
limits  for  the  near-field  is  due  to  the  fact  that  practically  all  experi¬ 
ments  with  animals  have  been  performed  in  the  far-fiald. 
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FIGURE  CAPTIONS 
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2.  Maximum  SAR  on  the  body  surface  for  the  far-field  exposures  to  1  mW/ 
cm^. 

3.  Mean  SARs  averaged  over  tissue  slices  perpendicular  to  the  main  body 
axis,  the  far-field  exposure  in  the  E  polarization. 

4.  Local  values  of  the  SAR  in  the  mid-section  of  a  homogeneous  model  of 
man  exposed  in  the  far-field  in  the  E  polarization. 

5.  Spatial  profiles  of  the  SAR  in  the  neck  for  t.ie  far-field  exposure  in 
the  E  polarization.  The  wave  is  incident  at  z  •  12  cm  lu  the  direction 
of  negative  z  (neck  diameter  is  12  cm). 

6.  Energy  deposition  rates  in  various  parts  of  the  human  body  exposed  in 
the  far-field  of  a  power  density  of  1  mW/cm2  in  the  E-polarization. 
The  diameter  of  the  circles  corresponds  to  the  whole-body-average  SAR. 

7.  Whole-body-average  (low  density  hatch)  and  the  head-and-neck  average 
(high  density  hatch)  SARs  for  far-field  exposures  to  1  mW/cm^, 
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8.  Comparison  of  the  calculated  (lines)  and  measured  (points)  whole-body 
average  SARs,  The  lines  show  the  limits  of  the  SAR  for  spheroidal 
models  of  ectomorphic  (dotted  lines)  and  average  (solid  lines)  man; 
does  and  crosses  show  the  measured  SARs  for  the  £  polarization  and  the 
H  polarizations,  respectively.  Data  points  at  160,  350  and  915  MHz  are 
from  our  measurements,  at  AO  MHz  from  [22),  at  ASO  MHz  from  [15],  at 
1.2  GHz  from  [18]  and  at  2  GHz  from  [19]. 

9.  The  SAR  in  the  direction  of  the  wave  propagation  on  the  antenna  axis 
for  exposures  in  the  near  field  of  resonant  dipoles  with  reflectors  in 
the  £  polarization.  Input  power  to  the  antenna  1  W.  Antennas  located 
at  A  «  13A  cm  at  160  MHz,  A  “  103  Cm  at  350  MHz,  and  A  »  107  cm  at  915 
MHz. 

10.  Local  values  of  the  SAR  in  the  mid-section  of  a  homogeneous  model  of 
man  exposed  in  the  near  field  in  the  E  polarization.  Input  power  to 
the  antenna  1  W. 

11.  Local  values  of  the  SAR  in  the  mid-section  of  a  homogeneous  model  of 
man  exposed  in  the  near  field  in  the  H  polarization.  Input  power  to 
the  antenna  1  W. 

12.  Mean  SARs  averaged  over  tissue  slices  perpendicular  to  the  main  body 
axis  for  the  near  field  exposure  in  the  E  polarization.  Input  power  to 


the  antenna  l  W, 


13.  Maximum  SARs  In  Che  tissue  slice  perpendicular  Co  Che  main  body  axis 
for  near  field  exposures.  Input  power  to  the  antenna  1  W. 

14.  Equi-SAR  lines  of  500,  100,  20  and  4  mW/kg  in  Che  torso  in  the  plane  of 
the  antenna  axis;  exposures  in  the  near  field  of  resonant  dipoles  with 
reflectors  in  the  E  polarization  and  1W  of  input  power.  Antennas  lo¬ 
cated  at  A  ••  134  cm  at  160  MHz,  A  ■  103  cm  at  350  MHz,  and  A  -  107  cm 
at  915  MHz. 

15.  Whole-body  average  and  head-and-neck  average  SARs  for  near-field  expo¬ 
sures  with  1  W  of  input  power  to  resonant  dipoles  with  reflectors 
located  as  shown  in  Figure  1  and  described  in  detail  in  Table  2. 
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Table  2 

Characteristics  and  coordinates  of  the  antennas 
for  near-field  exposures(see  fig.  1) 


Frequency  (MHz) 

160 

350 

915 

Dipole  length/ X 

0.49 

0.43 

0.49 

Gain  without  reflector  (dB)* 

1.8 

1.65 

1.6 

Input  VSWR* 

1.5 

1.6 

1.1 

A  (cm) 

134 

137 

137 

d  (cm) 

21 

8 

5 

d/X 

0.11 

0.09 

0.15 

*  Experimental  values 
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Table  3 

Test  grid  of  Che  full  scale  model  (also  see  Fig.  1) 


Slices 

Number  of  test 
locations 

Contribution  to  the 
total  body  weight 
(rule  of  nines)  X 

Part  of  the 
body 

Thickness 

(cm) 

Number 

Head  S  neck 

4 

8 

3 

9 

Upper  torso 

10 

3 

5 

18 

Lower  torso 

10 

3 

7 

18 

Arms  (both) 

10 

5 

1 

18 

Legs  (both) 

10 

9 

1 

36 

*ln  one-half  of  the  slice  (body),  perpendicular  to  the  frontal  surface  of 
the  body,  within  each  location  the  electric  field  was  measured  in  points 
separated  by  1  cm. 
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Table  4 


Attenuation 

coefficients  in 

the  torso1) 

Experimental  values  1 

Frequency 

Polarization 

Plane  wave 

Far-fleld 

Near-field 4) 

(MHz) 

(±3  SD) 

(±3  SD) 

(+3  SD) 

160 

E 

0.36  1  0.02 

0.34  1  0.01 

0.32  1  0.01 

160 

H 

0.25  1  0.07 

0.31  ±  0.03 

350 

E 

0.51  i  0.02 

0.50  t  0.03 

0.46  1  0.02 

350 

H 

0.49  ±  0.02 

0.5151  0.02 

915 

E 

0.70  i  0.02 

0.73  t  0.05 

0.72  1  0.04 

915 

H 

0.72  i  0.02 

0.63  1  0.04 

*)  Defined  as  a  power  ratio. 

2)  In  a  uniform  and  homogeneous  dielectric. 

3)  Measured  on  the  axis  of  the  dipoles  positioned  as  shown  In  Fig.  1  and 
Table  2. 
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Table  5 

Comparison  of  the  whole-body-average  and  head-and-neck  average 
SARs  for  the  far-field  exposure  to  1  aW/cm2 


Frequency 

(MHz) 

Polari¬ 

zation 

Whole-body  average  SAR  (mW/kg) 

This 

work 

Theory 

Other 

techniques 

This 

work 

Theory 

160 

E 

104.7 

90 l) 

234.2 

45-80 2) 

160 

H 

29.2 

19  3) 

13.4 

350 

E 

40. ’’ 

44.5 3) 

102.2 

108  2) 

H 

47.0 

27  3) 

41.2 

450 

E 

34  3) 

46-50 4) 

H 

30 3) 

40-42 ‘O 

915 

E 

30.4 

31  3) 

32.0 

915 

H 

49.3 

38  3) 

54.8 

3)  Block-model  of  man  [ll] 

2)  Block-model  of  man  (12) 

3)  Spheroidal  model  of  man  (13) 

4)  Thermographic  measurements  (15) 
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Introduction 

Kn ovledga  of  the  spatial  distribution  of  th« 
alactric  field  around  varioua  object*  and  inalde  di¬ 
electric  object*  la  Uportant  in  nuaeroue  applica¬ 
tion*.  Such  application*  include  surveying  coeplex 
exposure  field*  for  evaluation  and  protection  againet 
health  haxarde,  measurements  of  fields  la  altu  In 
model*  of  hueans  and  Is  an leal*  for  electromagnetic 
doelaetrlc  purposes,  and  measurements  of  exposure 
fields  for  EMI  and  field  generated  for  EMC  purposes, 
Oosleetrlc  eeasureeents  are  essential  in  exposure 
hazard  assesseent,  control  of  electromagnetlcally 
Induced  hyperthermia  and  NMR  Imaging. 

Numerous  probes  hare  been  developed  for  eeaeure- 
ments  of  the  electric  and  magnetic  field  strength  in 
a^r  (1-6]  and  dielectric  media  (2,6-9],  Recent  devel¬ 
opments  include  also  probes  capable  for  simultaneous 
measurements  of  the  electric  and  magnetic  field 
strength  la  air  (5],  Frobes  designed  for  measurements 
Is  sir  are  of  a  relatively  large  else  (a  fsv  centi¬ 
meter*  In  diameter)  and  are,  in  commercial  versions, 
usually  equipped  with  a  meter  of  the  total  field 
strength.  Probes  Intended  for  measurements  of  the 
fields  in  dielectrics  (sonetiaes  also  called  laplan- 
table  probes)  are  considerably  smaller  (usually  leas 
than  l  cm.  In  diameter),  are  not  normally  equipped 
with  a  metering  device,  and  vhen  used  vlth  proper 
instrumentation  allow  measurement  of  all  three  spatial 
components  of  the  field.  Implantable  probes  can  also 
be  used  In  air. 

Mapping  of  electromagnetic  fields  la  air  or  di¬ 
electric  media,  ualess  automated,  la  time  consuming 
and  frequently  lnaceurare,  la  this  paper  vf  describe 
a  computer-controlled  scanning  system  for  automated 
measurements  of  electrie  fields  la  air  sad  dielectric 
media. 


The  System 

A  block  diagram  of  the  experimental  system  deve¬ 
loped  in  our  laboratory  Is  shovn  la  Figure  1,  while 
the  exteraal  views  are  shovn  la  Figures  2  and  3, 
Figure  2  shows  cha  scanning  system  with  an  electric 
field  probe,  a  radiating  antenna  and  a  modal  of  a 
human  body  la  which  electric  fields  strengths  are 
measured.  This  pert  of  the  system  Is  placed  la  aa 
anecholc  chamber  to  avoid  reflaceloaa  of  the  radiated 
RF  energy.  Figure  3  shows  the  operating  consol*. 

The  systea  consists  of  a  computer-controlled 
aecbanical  scanning  system,  electric  field  probes, 
electronic  circuitry  interfacing  the  probes  with  the 
computer,  a  minicomputer,  and  a  source  of  the  RF  ener¬ 
gy  with  associated  antennas,  for  mapping  of  eltccrlc 
fields  in  models  of  objects  or  eroued  them,  appro¬ 
priate  models  are  required.  To  avoid  interference 
with  reflections  of  Xf  energy  reflected  by  the  sur¬ 
rounding  objects,  part  of  tha  system  Is  placed  in  an 


Figure  1,  lloek  diagram  of  a  computer-controlled 
system  for  mapping  the  mitetric  field 
strength. 


Flgurm  2.  Radio frequency  part  of  thm  ays tarn  and  a 
modal  of  tho  human  body.  Thla  part  la 
placed  la  an  anaeholc  chamber. 


Figure  3.  Operating  console  of  ivstea. 


anechoic  chamber  as  illustrated  in  Figure  2.  Th« 
source  o£  th*  RF  energy  is  amplitude  modulated  sc  low 
frequency  (-500  Hi)  and  its  output  level  is  digitally 
controlled  by  the  computer. 

Th*  mechanical  structure  which  supports  sad  posi¬ 
tions  th«  slsctric  field  probe  consists  of  three  inde- 
ptodsnt  (uidisf  slidss  in.  thrts  mutually  perpendicular 
dirsctlons.  Tht  probe  csn  be  plscsd  in  sny  location 
within  a  voIum  1.9  *  0.5  *  0.45  a,  using  thrs*  stsp- 
piag  motors.  ssch  controllsd  by  s  sspsrsts  driver. 
Ihs  system  can  opsrat*  in  a  manual  or  computer-  suptr- 
vlssd  Mods,  Zn  tht  aanual  sods  th*  probs  Motion  is 
controllsd  by  switch**  on  s  portabls,  hand-opsrstsd 
unit.  Sslsetsd  coordinatss  of  tht  probs  position  art 
storsd  in  a  fils  in  th*  computer  asaory,  forming  a  sap 
of  op*rator'*sal«ct«d  cast  points.  In  th*  computer- 
supervised  aod*  th*  prob*  scans  automatically  through 
th*  s*l*ctsd  s«t  of  points.  Tha  aotion-control  unit 
is  ba*«d  on  a  8085  microprocessor  llnkad  to  a  FOP 
11/34  minicomputer.  Th*  accuracy  of  th*  prob*  posi¬ 
tion  is  within  CO. 01  a*.  Th*  travel  sp««d  is  0.42 
ita/s  for  a  siapl*  aoclon  (a  slngla  coordlnata  changed) 
and  12  aa/s  for  a  composite  motion  (two  or  thrs*  co- 
ordinatas  ch*ng*d)(10|. 

Electronic  Circuitry 

An  analysis  of  tha  performance  of  th*  electric 
field  prob«s  indicate*  that  a  significant  Improvement 
in  sensitivity  can  be  obtalnad  by  using  aaplltud* 
Modulated  ft  signals  (11)  •  For  probes  used  in  our 
Investigations  th*  Modulation  frequency  of  500  Es  was' 
selected  (11). 

Three  versions  of  th*  electronic  ays  cam  vara 
developed  and  tested.  An  early  version  shown  in  Fi¬ 
gure  4  consisted  of  three  instrumentation  amplifiers, 
a  summing  junction,  an  active  filter,  a  voltage  to 
frequency  converter,  a  line  driver,  an  LED  and  an 
optical-fiber  lisle  to  the  computer.  This  optical 
fiber  link  brings  eh*  signal  fron  the  aapllfier  out  of 
eh*  ar.echoic  chamber  to  a  circuit  containing  a  fiber 
optic  receiver  and  a  frequency  to  voltage  converter. 
This  voltage  which  represents  the  electric  field  is 
then  sent  to  th*  POP/ 1134  where  an  A/0  converter  in¬ 
puts  the  signal  to  the  computer.  Zn  the  next  version 
a  substitution  of  PIT  amplifier*  for  the  instrumenta¬ 
tion  amplifiers  resulted  in  an  improvement  of  the 
signal  to  colas  ratio  (S/N)  of  7  dB.  In  th*  last 
vartlon  shown  In  Flgurt  5  flexibility  of  the  system 
aod  lowar  3/M  vert  achlaved  by  usa  of  an  intagratad 
optical-fiber  transmitter,  which  allows  for  use  of  a 
lock-in  amplifier  at  th*  receiving  sod  resulting  in 
narrow-band  detection  without  imposing  extreme  re¬ 
quirements  on  the  stability  of  the  Modulating  signal. 
The  system  gain  is  adjustable  up  to  10*. 

Electric  Field  Probes 


Many  electric  field  probes  either  designed  for 
operation  in  sir  (2,4,3)  or  in  the  dielectric  media 
(2,7)  can  be  used  in  our  system,  as  long  as  they  con¬ 
tain  three  Independent  antennas  loaded  with  detecting 
diodes  and  connected  to  the  external  terminals  by  high 
resistance  leads.  Alternatively,  magnetic  field 
probes  (6)  can  be  usei,  or  with  some  system  Modifica¬ 
tions,  even  probes  Chet  measure  simultaneously  the 
electric  and  magnetic  field  (5)  can  also  be  employed. 
V*  have  used  three  triaxial  electric  field  probes, 
namely,  a  Holaday  KE-01,  an  EXT  979,  and  a  KARDA 
2608.  Tha  diameters  of  these  probes  are  17,  9  and  3 
am,  respectively.  The  probes  were  fully  characteriz'd 
in  cs ns  of  their  sensitivity,  noise,  dynamic  range, 
directional  response  and  modulation  characteristics. 


Figure  4,  Electronic  circuitry  for  interfacing  th* 
probes  with  che  computer. 


Figure  5.  Electronic  circuitry  with  *n  Integrated 
optical  fiber  transmitter. 
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Sensitivity  of  the  probes  in  air  as  a 
function  of  frequency. 
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The  sensitivity  in  sir  of  the  three  probes  ss  s 
function  of  frequency  is  shown  in  Figure  6  (11).  The 
sensitivities  st  s  few  frequencies  in  s  dielectric 
medium  having  a  dielectric  constant  of  about  50  and  a 
conductivity  of  about  1.5  S/a  (except  at  2.45  GHz 
where  the  conductivity  is  2.3  S/m)  are  summarized  in 
Table  1,  The  sensitivity  of  probes  in  dielectric 
aedla  is  determined  by  measuring  the  output  voltage  of 
the  electric  field  probe,  placed  at  various  locations 
in  a  sphere  made  of  that  dielectric  aedlua  (the  aedlua 
is  usually  liquid  or  Jello  contained  in  a  styrofoam 
sold).  The  output  signal  is  coapared  (using  the 
least>square  fit  method)  with  theoretically  values  of 
the  electric  field  in  the  same  locations  {12).  The 
sphere  is  Irradiated  by  a  plane  wave  of  a  known  power 
density.  A  typical  calibration  curve  is  shown  in 
Figure  7.  The  calculated  values  of  the  square  of  the 
electric  field  strength  are  shown  by  the  solid  line 
while  the  dots  depict  Che  measured  values. 

rigure  8  presents  the  relative  sensitivity  of  the 
HARD*  probe  as  a  function  of  the  modulation  frequency 
with  the  input  aaplifler  (Figure  5)  having  an  input 
resistance  of  2.2  MQ.  The  roll-off  frequency  in  this 
system  is  considerably  higher  Chao  in  a  previously 
used  system  (11),  so  that  a  frequency  of  modulation  up 
to  about  2  kHz  can  be  used.  However,  except  for  the 
IME-Oi  probe,  modulation  frequency  higher  than  500  Hz 
does  not  results  in  any  Improvements  of  the  slgnal-to- 
aolse  ratio  (3/N)  (11). 


•Software 

The  software  used  in  the  data  collection  and 
analysis  consists  of  three  prograes  developed  by  our¬ 
selves  and  a  software  package  purmased  for  display  of 
contour  and  mesh,  views  of  the  data.  The  f4.rst  pro¬ 
gram  calls*.  MAP  is  used  in  conjunction  with  tne  hand¬ 
held  control  unit  driving  the  scanning  system  to  • 
race  a  nap  of  coordinates.  TMs  nap  l*  stored  on 
disk  file  in  the  P3P/1U-*.  The  seeonu  program  calw«. 
SCAN  uses  this  map  to  automatically  taka  electric 
field  measurements  at  all  of  the  atored  locations. 
For  each  location  the  electric  field  is  aeaaured  five 
timet  and  averaged.  The  seme  program  also  controls  a 
digital  attenuator  which  is  used  to  adjust  .the  power 
to  the  antenna,  in  order  to  keep  the  signal  froa  the 
aeplifier  in  a  limited,  highly  linear  range*  Each 
X,Y,Z  location  and  the  aaaociaced  electric  field 
strength  are  then  stored  In  another  disk  file.  The 
third  program  called  CHART  allows  us  eo  display  or 
plot  a  graph  of,  for  Instance,  the  electric  field 
atrength  vs,  distance  (X,Y,2).  The  softvere  purchaaed 
from  Data  Plotting  Services  called  DPICT  provides  the 
capability  of  displaying  the  electric  field  strength 
or  SAR,  in  the  fora  of  a  contour  diagram  of  equi- 
potential  Unas  or  as  a  3-dlaenslonsl  representation 
(Fig.  9). 


Rxperlrt-.tal  Results 

Some  of  the  recent  illuatrating  the  capa¬ 
bilities  of  the  systea  are  presented  in  Figures  9  and 
10.  Figure  9  shows  the  square  of  the  electric  field 
strength  in  n  dielectric  sphere  (c'«  50.9  •  1.5  S/a} 
irradiated  by  a  plane  wave  at  450  ttlz  and  1  nW/cm2, 


Table  1,  Sensitivity  of  eltctrlc  field  probes  in  s 
lossy  dielsetrle  aedlua  (c*50,  9*1.5  S/m), 
la 
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Figure  7,  probe  calibration  U  a  dielectric  mater¬ 
ial.  The  solid  Use  shows  thsorscicsl 
values  of  tha  square  of  the  electric  field 
strength  end  the  points  show  the  measured 
values.  A  sphere  of  16  ma  contained  a 
liquid  having  «*»50  and  9*1.5  S/a  and  was 
exposed  to  «  plane  wave  of  1  atf/ca2  st  475 
Ktz. 


Figure  10  deplete  doslnstrle  data  obtained  for  a 
full-size  model  of  man  axposad  in  the  near-field  of 
resonant  dipoles.  A  doslaetrlc  measure,  the  specific 
absorption  rata  (SAR),  shown  on  the  abscissa,  is  de¬ 
fined  as  the  rate  of  energy  absorption  in  a  unit  mesa, 
and  is  related  to  the  electric  field  screegth,  in  situ 
£(ms),  and  the  conductivity  of  the  medium,  c. 
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Figure  3.  Relative  probe  (MARDA  2608)  sensitivity 
(st  a  function  of  the  modulation  frequen¬ 
cy.  Aeplifier  input  resistance  2,2  MS. 


figure  9,  The  * quart  of  the  electric  field  la  a 

crose-iectlon  of  a  14-c*  diameter  ephere 
filltd  with  «  dielectric  having  e'«50  aad 
9*1,5  S/a  Irradiated  by  a  plant  wave  ac 
450  Mia. 


Figure  10.  Sptclflc  abaorptio n  rata  <SA*)  la  tha 
mid-plane  of  a  full-scale  aodtl  of  aan 
exposed  to  If  flalda  fcoa  rtaonanc  dlpolta 
at  three  frequencies.  At  aach  fraqeuncy  d 
tha  dlpola  vaa  ona-half  wavelength  loaf 
aad  wee  placad  about  ooe-tenth  of  tha 
wavelength  fcoa  tha  body  aurfaea.  I 

Tha  valuta  of  tha  SAIL  vara  aaaaucad  ta  tha  aid- 
aactloa  of  a  full-scale  aodal  of  a  ataodard  aaa  <1.5 
cm,  70  kg.),  Tha  aodal  of  aaa  cooalacad  of  a  thin 
plaatlc  ahall  (vail  thickness  -2  m),  f Iliad  vlth 
•aalllquld  aatarlal  having  alactrlcal  propartlaa  equsl 
to  tha  propartlaa  of  tha  avtrage  tlaaua,  Tha  aatanaaa 
vara  locatad  about  osa  taath  of  tha  vavalaegth  froa 
tha  body  aurfaea  la  location*  shown  is  tha  figurt. 
This  typa  of  data  la  aaadtd  la  evaluation  of  potaatlal 
haeacda  dua  to  uaa  of  portable  If  trasaaltters 
113.141. 


Conclusions 

A  computer-controlled  aaehaaleal  scanning  ays  ten 
together  vlth  triaxial  electric  field  probes  provide  a 
viable  method  for  napping  electric  fields  la  air  and 
dielectric  materials  at  radio  frequencies.  Tha  elec¬ 
tronic  circuitry  associated  vith  tha  probes  facili¬ 
tates  naasureaaats  of  v**k  fields  and  a  relatively 
vide  dynamic  range  of  ovar  three  decades. 

Tha  aystcn  has  baaa  successfully  used  to  obtain 
spatial  distribution  of  the  electric  field  in  full- 
scale  models  of  aaa  and  staple  geometrical  objects 
exposed  In  the  near-  and  far-flald  of  various 
ancsnnas. 
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AistTKt — D(  jfnbuttom  of  tiectric  fM4s  in  loss)  sphcm  tnd  inf  ini  It 
lossy  cylindm  simuUring  biolog  i«l  objects  we*  me*surtd  at  350. 920.  and 
2450  MHi,  The  measurements  were  performed  in  a  compuierKontroiled 
scanning  sjstera  usinq  three  different  implanubie  nonpemrbint  probes. 
The  results  are  compared  with  theory,  and  use  of,  lossy  spheres  and 
cy  linden  for  calibration  of  implantable  probes  is  quantitative))  evaluated. 

I.  Introduction 

DOSIMETRY  OF  electromagnetic  fields  is  essential  in 
quantifying  biological  effects  of  these  fields  and  de¬ 
veloping  exposure  standards  for  humans.  Dosimetry  is 
concerned  with  the  determination  of  the  electric-field  in¬ 
tensity  and  'the  rate  of  energy  deposition  in  biological 
bodies  and  their  electrical  models.  The  rate  of  energy 
deposition  is  defined  as  the  specific  absorption  rate  (SAR) 
usually  expressed  in  W/kg  [1|.  The  SAR  is  directly  related 
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to  the  intensity  of  the  electric  field  in  situ  and  the  electric 
properties  of  the  tissue. 

Considerable  progress  in  theoretical  and  experimental 
dosimetric  methods  has  taken  place  in  recent  years,  as 
reviewed  elsewhere  [l)-[3). 

Lossy  dielectric  spheres  serve  as  convenient  models  of 
biological  bodies  and  their  parts  (l|-[3).  These  models  are 
relatively  easy  to  analyze  theoretically  and  to  construct  for 
experimentation.  They  also  provide  adequate  simulation  of 
some  biological  systems  under  certain  exposure  conditions 
111- 

The  distribution  of  electric  fields  in  a  lossy  sphere  was 
previously  obtained  theoretically  (4).  and  a  computer  pro¬ 
gram  was  developed  |5].  Qualitative  experimental  verifica¬ 
tion  was  obtained  [6];  however,  a  quantitative  analysis  of 
the  accuracy  with  which  the  electric-field  distribution  can 
be  measured  by  implantable  electric-field  probes  is  want¬ 
ing.  The  SAR  distribution  was  also  measured  by  the  ther¬ 
mographic  technique  |7], 

The  electric  fields  in  lossy  cylinders  were  determined 
analytically  for  an  infinite  cylinder  (81  and  analytically  and 
experimentally  for  cylinders  of  finite  length  |9j.  In  the 
latter  case,  tne  experimental  technique  used  had  serious 
limitations  when  used  for  cylinders  of  small  diameters 
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compared  with  the  wavelength.  This  technique  is  also  not 
acceptable  for  probing  of  the  fields  in  biological  bodies. 

The  purpose  of  this  study  was  twofold,  firstly,  to  evaluate 
the  application  of  lossy  spheres  and  cylinders  for  calibra¬ 
tion  of  implantable  probes  used  in  bioeffects  dosimetry, 
and  secondly,  to  obtain  quantitative  experimental  data  and 
comparison  with  theoretical  results  at  350.  920,  and  2450 
MHz  for  the  electric-field  distribution  in  spheres  and  cylin¬ 
ders  simulating  the  human  body  and  its  pans.  This  infor¬ 
mation  can  be  further  used  for  comparison  with  the  elec¬ 
tric-field  distributions  in  models  more  closely  resembling 
the  human  body. 

II.  Theoretical  Analysis 

A.  Spherical  Models 

The  electric-field  and  SAR  distributions  in  lossy  spheres 
irradiated  by  a  plane  wave  were  calculated  using  the  Mie 
method  (4J.  The  numerical  calculations  were  obtained  using 
a  computer  program  provided  courtesy  of  the  Bureau  of 
Devices  and  Radiological  Health  [5], 

B.  Cylindrical  Model 

The  electric-field  and  SAR  distributions  in  an  infinite 
lossy  cylindrical  model  were  obtained  under  plane-wave 
irradiation.  A  recursive  method,  derived  by  Bussey  and 
Richmond  [8],  was  employed  to  solve  the  scattering  ampli¬ 
tude  of  a  lossy  multilayered  infinite  cylinder  for  TE  and 
TM  modes  as  shown  in  Fig.  1.  The  infinite  cylinder  solu¬ 
tion  can  be  used  to  approximate  a  finite-length  cylinder 
within  a  limited  range  of  the  cylinder  length. 

C.  Limitations  of  the  Numerical  Techniques 
Dimensions  of  the  spherical  and  cylindrical  models  are 

restricted  by  the  computational  instability  of  the  angular 
functions  due  (o  the  arguments  which  are  either  too  small 
or  too  large. 

Restrictions  of  the  program  for  the  spherical  model  are 
as  follows: 

»  the  maximum  number  of  layers  is  10. 

•  each  layer  is  homogeneous, 

•  |£|r  <  90.83,  where  r  is  the  radius  of  a  homogeneous 
sphere  and  k  is  the  propagation  constant  in  the 
medium. 

Limitations  on  the  calculation  for  a  homogeneous  in¬ 
finite  cylinder  are  as  follows:  " 

•  |fc|R  <22.8, 

•  ji|/  >  1.87,  where  R  is  the  radius  of  the  cylinder,  r  is 
the  radius  of  the  observation  point,  and  k  is  the 
propagation  constant  in  the  medium. 

III.  Materials  and  Methods 

A.  Materials 

Molds  for  the  6.6-cm,  12-cm,  and  16-cm  diameter  spheres 
were  made  of  5-cm-thick  RF  transparent  polystyrene  foam. 
The  mold  for  the  24.8-cm  diameter  cylinder  of  a  length  of 


Fig  I.  TEandTMnKdnfofalmsyaruitarmriniiccvlmdcr. 


TABLE  I 

Sensitivities  or  the  IsirustAtu  Pxoifs  Deieamined  LNino 
Various  Models 


1 

r*... 

— 

t  •»,* 

1 

l 

a*%fe 

He*  **«»*• 
{|tMH,  W 

Crlt*4**>  Tg 

M 

M  * 

1  » 

IM 

|Hi 

l.tll  1 
!'f*l  l 

1  Ml  | 

».*»  1 

I  >•)  5 

i 

1 

i 

s 

IM 

HI 

I.N 

•j>» 

\*H 

am 

>IH|| 

4  ll'l.’l 

|>f  %  “1 
tali  I  | 

s 

1 

kl**  «M»* 

i  tm  f.  ) 

-ill 

1.83  m  was  made  of  3.2-mm-thick  solid  acrylic  having  a 
dielectric  constant  of  2.6. 

A  semisolid  phantom  material  which  simulates  the  elec¬ 
trical  properties  of  the  average  tissue  was  used  at  350  Mil/.. 
(10).  At  frequencies  of  920  MHz  and  2.45  GH/.  saline 
solutions  were  used  as  phantom  materials  because  of  their 
low  viscosity,  simplicity  of  preparation,  and  elimination  of 
the  mechanical  perturbation  of  the  phantom  by  the  probe. 
The  permittivities  of  different  phantom  materials,  as  mea¬ 
sured  by  an  automatic  measurement  system  with  an  uncer¬ 
tainty  of  less  than  3  percent  (11).  are  given  in  Table  I. 

The  electric-field  intensities  in  different  models  were 
measured  using  a  computer-based  scanning  system  and  an 
electric-field-probe  technique  (12). 

The  molds  filled  with  phantom  materials  are  placed  in 
the  far  field  of  a  selected  antenna  and  accurately  posi¬ 
tioned  to  ensure  a  desired  orientation  of  the  incident 
electric  field  with  respect  to  the  scanning  direction: 

B.  Probes 

Three-dipole  electric-field  probes,  a  Narda  Model  2608 
(3  mm  in  diameter),  an  EiT  model  979  (9  mm  in  diameter), 
and  a  Holaday  Model  IME-01  (19  mm  in  diameter),  were 
used  to  measure  the  electric-field  intensity.  The  characteris¬ 
tics  of  these  probes  are  described  elsewhere  (13). 

The  sum  of  three  voltages  ( Kr )  detected  by  the  diode- 
loaded  dipoles  is  related  to  the  square  of  the  total  electric- 
field  intensity  |£r|2  by  the  following  expression: 

yT-B\ET\l 

where  B  is  the  sensitivity  of  the  probe  in  the  tissue  phan¬ 
tom  material. 
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The  sensitivity  of  each  probe  was  determined  for  each 
model  from  the  following  expression: 

£  (*r)i(l£rlJ),  ‘ 

B’—v - ~ 

£(|£rl2)! 

/-i 

where  (VT),  is  the  total  voltage  at  the  probe  deteetor 
diodes  (a  sum  of  the  three  voltages  of  the  three  dipoles), 
measured  at  an  experimental  point  /,  (|£r|:),  is  the  theo¬ 
retical  value  of  the  internal  electric-field  intensity  in  the 
same  point,  and  N  is  the  number  of  points.  The  final  value 
of  the  sensitivity  was  arrived  at  by  an  iterative  process,  in 
which  only  an  unperturbed  part  of  the  distribution  was 
included,  i.e.,  that  part  for  which  the  relative  difference 
between  the  theoretical  and  experimental  values  was  less 
than  10  percent. 

C.  System  Uncertainties 

There  are  several  sources  of  errors  in  the  system  that 
may  affect  the  accuracy  of  experimental  results.  Some  of 
the  errors  can  be  limited  to  be  negligibly  small  through 
proper  arrangements  and  care.  These  include  reflections 
from  the  walls  and  the  scanning  system.  In  this  work,  they 
have  been  eliminated  by  placing  the  whole  system  in  an 
anechoic  chamber  and  covering  the  frame  of  the  scanning 
system  with  absorbing  tiles.  The  incident  electric  held  has 
to  be  well  defined  in  terms  of  its  amplitude  and  direction. 
The  field  intensity  in  our  tests  was  determined  from  the 
antenna  gain  calibration  and  measurements  of  the  input 
power  to  the  antenna.  The  uncertainty  in  the  intensity  was 
estimated  at  ±0.5  dB.  The  direction  (alignment)  of  the 
antenna  with  respect  to  the  probe  was  arranged  within 
±1°.  The  intensity  of  the  field  was  always  adjusted  so  that 
the  probes  operated  in  the  linear  region. 

The  main  accuracy  limitations  in  this  experiment  are  due 
to  the  probes  themselves,  namely  to  the  cross-coupling  of 
the  dipoles,  lack  of  a  perfectly  isotropic  response  (due  to 
small  differences  between  the  three  dipole-diode  assem¬ 
blies),  remnant  pick-up  of  their  high-resistance  leads  and 
the  field  perturbation  by  the  leads. 

■IV.  Results  and  Discussion 
•  A.  Spherical  Models 

A  comparison  of  the  theoretical  and  experimental  data 
lor  a  16-cm  diameter  sphere  at  350  MHz  is  shown  in  Fig.  2. 
On  all  illustrations,  the  probe  is  introduced  from  the 
positive  z  direction,  while  the  wave  is  incident  from  the 
negative  :  direction.  An  excellent  agreement  can  be  seen 
for  a  smaller  diameter  probe  (9  mm,  EiT  model),  except  at 
one  end  where  the  probe  is  introduced  to  the  phantom.  For 
a  large-diameter  probe  (19  mm,  Holaday  model),  signifi¬ 
cant  deviations  are  also  seen  at  the  other  end  of  the 
distance  scanned.  This  is  due  to  the  smearing  because  of  a 
poor  spatial  resolution  of  the  probe. 

The  experimental  error  close  to  the  point  of  probe 
entrance  is  due  to  a  formation  of  a  neck  through  which  the 
nhamom  material  is  flowine  outside  the  sphere. 
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Fi|.  2.  Companion  of  the  calculated  and  nrca>urcd  ,SAR  distribution 
alon|  the  mxis  of  an  average*  tissue-phantom  sphere.  Solid  line  indi¬ 
cates  the  calculated  values,  x  X  measured  \a!ues  with  the  EIT  probe. 
03  measured  values  with  the  Holadav  probe,  t'"  38.9.  o  -1.04  S/m. 
/•  350  MH4.  Incident  Power  Density  -l  m\V/em\  Diameter "  16 
cm.  Diamcter/Aa  -  0 19.  Sensitivity  B  •  3.1  =03  >iV/(V;/m:)  for  the 
EIT  probe  and  12  =  2  >gV/(V;/m:)  for  the  Holadav  probe.  The  vertical 
ban  show  the  uncertainty  of  measurements,  the  double  arrow  indicates 
the  direction  of  incidence  of  the  wave,  and  the  »in|lc  arrow  show*  the 
point  where  the  probe  is  introduced  into  the  phantom. 
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Fig.  3  Companson  of  the  calculated  and  measured  SAR  distributions 
along  the  :*aus  for  three  spheres  filled  with  the  mu'dc-eqmvaleni 
saline.  <*-76  0.  «  - 1  58  S/m.  /  -  920  MHt,  Incident  Power  Density 
"i  mW/cm\  Probe  Narda  Solid  line  indicates  the  calculated  values, 
x  x  measured  values  for  a  sphere  of  a  diameter  -66  cm. 
Diamcter/Ao  *02.  Sensitivity  B  -  0.71  =004  ixV/(V;/m:)  Dashed 
Inc  indicates  tc  calculated  values.  CC  measured '  aluc»  for  a  sphere  of 
a  diameter^-  12  cm.  Diameter/ A,, - 0 37,  Sensitivity  5-063=08 
MV/fVVna1)  The  dash-dot  line  indicates  the  calculated  values.  *  ♦ 
measured  values  for  a  sphere  of  a  diameter  - 16  cm.  Diameter/ A,*  - 
0  49.  Sensitivity  B  -  0  71  =0  06  ;tV<V;,  m: )  The  vertical  bars  indicate 
the  uncertainty  of  measurements,  the  double  arrow  indicates  the  direc¬ 
tion  of  incidence  of  the  wave,  and  the  single  arrow  shows  the  point  of 
orobe  insertion. 
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Fig.  3  provides  a  comparison  of  theoretical  and  experi¬ 
mental  results  for  three  spheres  at  920  MHz  for  the  Narda 
probe.  This  is  the  smallest  diameter  (3  mm)  probe,  and 
smearing  effect  is  very  small.  The  "neck  effect"  is 
eliminated  as  a  result  of  using  a  liquid  phantom  material. 

Fig.  4  gives  the  results  for  6.6-cm  and  12-cm  diameter 
spheres  at  2.43  GHz  as  measured  with  the  Narda  and  E1T 
probes.  The  spatial  resolution  limitations  of  both  probes 
are  apparent.  For  instance,  for  the  6.6-cm  diameter  sphere, 
where  rapid  changes  of  the  SAR  occur  within  about  1  cm. 
some  smearing  is  evident  in  the  second  peak  even  for  (he 
Narda  probe. 

B.  Cylindrical  Model 

Fig.  5  illustrates  the  data  for  the  cylindrical  model.  The 
computational  instability  of  the  theoretical  results  close  to 
the  cylinder  center  was  caused  by  the  divergence  of  the 
Bessel  functions  in  the  region  near  the  center. 

The  measurements  were  performed  at  the  center  of  the 
cylinder  and  at  a  distance  of  0.44  A0  from  the  end  of  the 
cylinder  (points  1  and  3).  Very  good  agreement  was  ob¬ 
tained  for  both  probes  for  all  locations  except  close  to  the 
point  of  the  probe  introduction.  This  was  due  to  a  small 
truncation  of  the  cylinder. 

C.  General  Discussion 

As  previously  indicated,  the  agreement  between  theoreti¬ 
cal  and  experimental  SAR  distributions  is  affected  by 
several  factors,  c.g.,  limitations  of  the  theoretical  solution 
for  the  cylindrical  model  investigated,  probe  spatial  resolu¬ 
tion,  model  perturbation  by  the  probe  ("the  neck"  for 
semisolid  phantom).  Also,  the  agreement  between  the  per¬ 
mittivity  assumed  in  calculations  and  that  of  the  material 
used  plays  a  certain  role. 

The  probe  sensitivities  as  determined  by  a  comparison  of 
the  experimental  and  theoretical  SAR  distributions  in  dif¬ 
ferent  models  for  the  three  probes  at  350,  920,  and  2450 
MHz  are  summarized  in  Table  I  and  compared  with  the 
data  for  slab  phantoms  (13).  A  rather  good  agreement 
between  the  sensitivity  values  obtained  using  different 
models  was  obtained. 

V.  Conclusions 

A  quantitative  comparison  between  the  distnbulions  of 
the  specific  absorption  rate  (SAR)  obtained  by  analytical 
methods  and  by  probing  the  electric  fields  in  lossy  spheres 
and  cylinders  using  implantable  probes  was  performed. 

An  excellent  agreement  between  the  theory  and  experi¬ 
ment  was  found  within  the  limitations  of  the  probes.  The 
main  limitations  of  the  field  probing  are  due  to  the  spatial 
resolution  of  the  probes,  which  in  turn  depends  on  the 
probe  size.  Other  probe  limitations  include  the  probe  sym¬ 
metry,  cross-coupling  between  the  dipoles,  and  the  field 
perturbation.  The  experiments  confirmed  that  the  com¬ 
puter-controlled  experimental  dosimetry  system  (12)  allows 
to  obtain  the  SAR  distnbutions  not  only  rapidly  and 
conveniently,  but  that  the  accuracy  is  practically  de¬ 
termined  by  the  accuracy  of  the  probe  used,  with  much 
smaller  errors  due  to  the  remaining  parts  of  the  system. 
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Fig.  4.  Companion  of  the  calculated  and  measured  SAR  distribution* 
along  the  c-a xis  for  two  saline-filled  spheres  <’■  77.9.  o  «l  02  S/m, 
/-2.4J  GHz,  Incident  Power  Density -l  mW/cm\  Solid  line  indi¬ 
cates  the  calculated  values,  x  x  measured  values  with  the  Narda  probe. 
Diameter  •  6  6  cm.  Diamcter/A0  -0.54.  Sensitivity  £-008:0.02 
Mv/(VJ/mJ).  Dashed  line  indicates  the  calculated  values. 03  measured 
values  wuh  the  Narda  probe.  *  *  measured  values  with  the  EIT  probe. 
Diameter  -12  cm.  Diamclcr/\0 -  0  98.  Sensitivity  £-0.08:001 
MV/(V*/m:)  (Narda)  and  0.10*001  jiV/(V:/m:)  (EITl.  The  vertical 
bars  show  the  uncertainty  of  measurements,  the  double  arrow  indicates 
the  direction  of  the  incidence  of  the  wave,  and  the  single  arrow  shows 
the  point  of  probe  insertion. 
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Fig  5.  Comparison  of  the  calculated  and  measured  SAR  disinbution 
across  a  circular  cylinder  filled  with  the  average  tissue  phantom 
<*-38  9.  <"-53.5,  TE  Mode.  /  -  350  MHz.  Incident  Power  Density 
-1  mW/cm:,  £  -0  62  £*-044  A*.  J-029  A ^  Probe  Hob¬ 

day,  Scnsiuvuy  B  - 16  ± !  jiV/(V;/m:)  Solid  line  indicates  the  calcu¬ 
lated  values.  *  t-  measured  values  at  1,  x  x  measured  values  at  2.  CO 
measured  values  at  3.  The  vertical  bars  show  the  uncertainty  of  mea¬ 
surements;  the  double  arrow  indicates  the  direction  of  incidence  of  ihc 
wave. 
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Lossy  dielectric  spheres  of  proper  sizes  are  convenient 
for  calibration  of  implantable  electric-field  probes  in  tissue 
phantoms.  They  are  superior  to  cylinders  and  slabs,  as  they 
facilitate  calibration  with  the  same  or  even  better  accuracy 
than  cylinders  and  slabs,  and  are  smaller  in  size.  The  size  is 
of  particular  importance  at  lower  frequencies  (below  1 
GHz)  where  the  slab  size  required  becomes  cumbersome  to 
handle  (13). 
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